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ABSTRACT  
Surface forces play a fundamental role in colloidal systems as they control 
the stability, adhesion, friction and rheology of colloids. Information on all 
of these can be obtained from an analysis of the normal forces measured be-
tween particles. Therefore, processing of colloidal products can be informed 
by knowledge of the forces between the constituent particles. For wet parti-
cles systems, the interaction forces between two particles can rarely be pre-
dicted from theory; rather, it requires experimentation or direct measure-
ment.  
    This requires that the surfaces used have the same surface properties 
as the particles. In practice this is rarely possible, as surface force measure-
ments require surfaces with extremely low roughness and precise geometry 
and the majority of materials do not conform to these requirements. To ad-
dress these challenges, this thesis investigates the forces measured between 
surfaces of low roughness and controlled chemistry produced by the use of 
atomic layer deposition (ALD).  
    This thesis reports the forces between hafnia surfaces produced by 
ALD and shows that like ALD produced titania surfaces and silica surfaces, 
the expected van der Waals forces at high pH are not manifest, suggesting 
that most real surfaces have unexpectedly repulsive surface forces at high 
pH and small separations. This will fundamentally alter how these particu-
late systems behave when being processed, reducing the adhesion and the 
friction and enhancing the stability compared to the expected interaction 
from DLVO theory. 
    Here, the interaction forces between very smooth Hafnia surfaces 
have been measured using the colloid probe technique and the forces evalu-
ated within the DLVO framework, extended to include both hydration forces 
and the influence of roughness. The measured forces across a wide range of 
 pH at different salt concentrations are well described with a single parameter 
for the surface roughness.  
    These findings show that even small degrees of surface roughness sig-
nificantly alter the form of the interaction force and therefore indicate that 
surface roughness needs to be included in the evaluation of surface forces 
between all surfaces that are not ideally smooth. 
The knowledge gained in the first part of this work as to how to account 
for the roughness effect, was then applied in investigating the influence of 
adsorbed citric acid and palmitic acid coatings on the surface forces between 
hafnia surfaces. The knowledge of the surface forces and citric acid adsorp-
tion that we obtained will be useful in understanding the stability and floc-
culation of colloids and nanoparticles which will influence the rheology of 
the colloidal dispersions and the distribution of colloids and nanoparticles 
in the environment. The measured surface force between hafnia surfaces that 
are hydrophobised by palmitic acid coating promises a very easy way to hy-
drophobise hafnia surfaces. The investigation into the forces measured be-
tween these smooth hydrophobic surfaces provides insight into the origin of 
the long-ranged hydrophobic force measured between surfaces covered with 
a monolayer of amphiphiles. A previously unrecognized interaction mecha-
nism of interactions between single patches formed by the mobile am-
phiphile has been proposed based on the measured forces.     
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INTRODUCTION 
 
 
L.L  SURFACE FORCE INTERACTIONS 
 
olloidal systems are ubiquitous in modern society. They are de-
fined as systems in which one phase is dispersed in another.L-T 
There are naturally occurring colloidal materials such as fog and 
smoke and countless artificial ones including paints, food and cleaning prod-
ucts. The fact that the dispersed phase has a range of dimensions from a few 
nanometres to a few tens of micrometres highlights the importance of the 
surface properties, as a microscopic particle has a large surface to volume 
ratio.c The surface forces acting between colloidal particles is crucial in de-
termining the behaviour of a colloidal system and knowledge of these forces 
is powerful from an industrial point of view because it can be applied to ma-
nipulate the system to behave in a desired way. The surface forces between 
colloidal particles has been investigated in many research projects and the 
scientific knowledge obtained has been applied to various industries for ex-
ample, food scienceb-d, detergencyM-g, water purificationLK-LL, lubricantsLJ-Lc, 
petroleum recoveryLb, mineral processingLd-LM, and pharmaceuticalsLf-Lg.  
DLVO theoryJK-JL named after the four scientists, Derjaguin, Landau, 
Verwey and Overbeek, has been a dominating framework for interpreting 
the surface forces between particles in solution for more than half a century. 
It describes the surface forces between two similar colloidal particles as a 
C 
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balance between attractive van der Waals forces and repulsive electric dou-
ble-layer forces.  
In terms of the experimental method, the surface force apparatus (SFA) 
JJ-JT and atomic force microscope (AFM) Jc-Jb have been the two major tech-
niques for direct surface force measurement between colloidal surfaces. 
Since Tabor and WintertonJJ measured the surface forces between mica 
sheets in Lgdf, several other solid surfaces such as goldJd-JM, silicaJf-Jg, zinc sul-
phideTK-TL, polystyreneTJ-Tc, aluminaTb-Td, and zirconiaTM-Tg have been investi-
gated. Recently, the surface forces between air bubblescK and oil dropscL-cJ 
have also been measured. In the case of solid surfaces, the main limitation in 
finding surfaces suitable for the direct measurement of surface forces is that 
the surfaces have to be extremely smooth and have geometries suitable for 
the chosen measurement technique in order to be able to draw meaningful 
interpretations from the data. Not many materials can be prepared to satisfy 
these conditions for surface force measurements. 
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Recently Walsh et al.cT made a breakthrough in this conundrum by adopting 
the atomic layer deposition (ALD)cc-cM technique to produce atomically 
smooth model surfaces suitable for surface force studies. ALD is a popular 
thin film deposition method widely used in nanotechnology research thanks 
to its capability to deposit uniform and conformal films in a layer by layer 
fashion onto three dimensional surfaces.cc When appropriate film growth 
conditions are employed, smooth amorphous films can be grown.cT, cf 
Subsequently, the surface force between ALD prepared titanium oxide, 
also known as titania, surfaces in aqueous solution were successfully meas-
ured and were compared with the theoretically predicted dispersion forces 
and fitted using the DLVO theory.cg An interesting result was obtained at 
high pH where the measured surface force was repulsive at small separa-
tions between two surfaces, whilst the DLVO theory predicted a large attrac-
tive force. It is well known that DLVO theory has a limited applicability.bK 
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For instance, it does not take into account specific ion effects which are ubiq-
uitous and it cannot be applied at high salt concentrations.bL It often disa-
grees with experimental results and as a result the unexplained forces have 
been categorized as non-DLVO forcesbJ. The repulsive force observed be-
tween titania surfaces also contradicts the theory. cg, bT According to DLVO 
theory, any short-range repulsive force should be masked by the large attrac-
tive force due to the strong van der Waals forces associated with the high 
dielectric constant of titania.  
In order to find out whether this unexplained phenomenon is peculiar 
to titaniacg, bT  or occurs rather generally we will investigate other mineral 
oxide surfaces. We have chosen hafnium oxide, also known as hafnia, as it 
has a high dielectric constant and is a material available to us through the 
ALD technique. To date the surface force between hafnia surfaces have never 
been measured.  
Hafnia has a wide number of applications that make use of the high 
chemical and thermal stability, as well as a relatively high dielectric constant 
and a high refractive index. It has been extensively studied as an alternative 
gate dielectric material in metal-oxide-semiconductor field effect transistors, 
to solve the leakage current problem found in silica.bc-bM Hafnia has also been 
employed in advanced ceramics that are found in various applications such 
as cutting toolsbf, nanofiltration membranesbg-dK, and thermal barrier coatings 
in enginedL. The use of hafnia is expanding as the demand for higher fracture 
resistant ceramics is increasing. The colloidal processing of ceramicsdJ is 
where defects can be introduced and thus the strength of ceramic materials 
is often determined at this stage.dT In general, repulsive forces between col-
loidal particles facilitate stable suspensions and thus good mixing of differ-
ent particles.dJ The potential outcomes of this work will not only be an eluci-
dation of the anomalous repulsive force between titaniacg, bT surfaces but also 
a greater understanding of the behaviour of hafnia colloidal systems, which 
will be valuable in various applications.  Further, we expect that we might 
obtain a deeper understanding of colloidal interactions in general and there-
fore contribute to understanding colloidal systems not directly investigated 
here.  
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In Chapter J, background information on surface forces is presented, in 
particular, the DLVO theory is described. An overview of the popular surface 
force measurement techniques is also presented.   
In Chapter T, the experimental methodology of the work presented in 
this thesis is explained including atomic layer deposition (ALD) and atomic 
force microscopy (AFM).  
In Chapter c, experimental results from the measurement of the surface 
forces between ALD prepared hafnia surfaces are presented and discussed. 
In particular the effect of roughness on surface forces is investigated and 
quantified.  
In Chapter b, the effect of citric acid on the surface forces between hafnia 
surfaces is investigated. Citric acid as an effective stabilizer for metal oxide 
particles is demonstrated. Importantly, the influence of the adsorption of cit-
ric acid (which is a model for humic and fulvic acids) on the flocculation 
properties of nanoparticles, and thus, in turn, on the transport of engineered 
nanoparticles in the environment is discussed.       
 In Chapter d, the surface forces between hafnia surfaces that are hydro-
phobised by palmitic acid vapor treatment are presented. A simple method 
is developed to hydrophobise hafnia surfaces, and the forces measured are 
discussed.  A new mechanism for the anomalous attraction between such 
hydrophobic surfaces is proposed, which quantitatively fits the measured 
interactions. 
In Chapter M provides a brief summary of the entire work and the im-
portant conclusions and describes future directions for this research.  
This work aims to contribute to a deeper understanding of surface 
forces in general and the specific properties of a range of previously unex-
plored surfaces by using the ALD technique. A series of successful employ-
ments of ALD in surface force studies may promote a wide usage of the tech-
nique, which in return will enrich our knowledge in colloidal science.  
 
 
 
  
 
 
 
 
 
 
 
 
INTRODUCTION TO SURFACE FORCES 
 
his chapter provides an introduction to the theory of surface forces, 
focusing on the DLVO theoryJK-JL  of colloidal stability. It begins with 
an introduction of the two forces that comprise DLVO force: the van 
der Waals force and the electric double layer force. This chapter also touches 
on other non-DLVO forces that have been experimentally measured and on 
some of the popular surface force measurement techniques.  
J .L  SURFACE FORCES  
 
The properties of colloidal systems are largely dictated by the interactions 
between the colloidal particles in close proximity: the so-called surface 
forcesc, dc-dd. The surface forces include van der Waals forcesdM, electric double 
layer forcesdf, hydrophobic forcedg-MK, hydration forceML-MJ, steric forceMT-Mc and 
so on. We begin with the origin of the ubiquitous van der Waals force.  
T 
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J.J  VAN DER W AALS FORCES 
J.J.L Van der Waals forces between molecules  
One of the most important forces in surface and colloid science is the van der 
Waals forces between atoms, molecules, or particles. Named after the Dutch 
scientist Johannes Diderik van der Waals who first recognized the evidence 
of forces between what were soon to be called molecules.  In his LfMT Ph.D. 
thesisMb, van der Waals extended the famous ideal gas law, pV = N𝑘"T, the 
relationship between the pressure, p, volume, V, and temperature, T, of di-
lute gases of non-interacting point particles. Here, N is a given number of 
particles and 𝑘" is the Boltzmann constant. Van der Waals found that to de-
scribe dense-gas pressures, he had to replace pV = N𝑘"T with:  
𝑝 + %&' 𝑉 − 𝑏 = 𝑁𝑘𝐵	𝑇                                   (J.L) 
The net volume V became (V – b), with a positive constant, b, that accounts 
for the small space occupied by the gas particles themselves. And with con-
stant positive a, the pressure, p, of the dense-gas was less than the pressure 
of the ideal gas by an amount %&'. This difference implied that there are at-
tractive forces between gas molecules. Such an attraction is also evident at 
cold temperatures when these same gasses liquefy. 
After the LfMK’s formulation of the van der Waals gas equation, there 
was rapid progress in the study of the interactions between particles in gases. 
By the end of the LgTKs, three kinds of dipole–dipole interactions were for-
mulated for neutral-molecule interactions.  In all three cases, the free energy, 
the work required to bring the gas particles from infinite separation to a fi-
nite separation, x, was found to vary as the inverse-sixth power of distance, 
- (C/𝑥1), with different positive coefficients C:dM  
 
L) Keesom interactions of permanent dipoles, - (𝐶455678/𝑥1). Two 
freely rotating dipoles will attract each other because they 
change orientation such that they are anti-parallel. 
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J) Debye interactions between a permanent dipole and a nonpolar 
molecule, - (𝐶95:;5/𝑥1). The permanent dipole polarizes the non-
polar molecule, with the induced dipole being anti-parallel re-
sulting in an attraction.  
 
T) London dispersion interactions between two nonpolar but po-
larizable molecules, - (𝐶<7=>7=/𝑥1). Momentary dipoles on one 
molecule can induce dipoles on another molecule giving rise to 
an attraction. The condensation of nonpolar gases is evidence of 
this interaction.  
 
Keesom and Debye interactions can be calculated using classical physics. 
However, as the London dispersion forceMd (also called the dispersion force) 
is quantum mechanical in origin, calculating it requires quantum mechanical 
perturbation theoryMM. The origin of dispersion forces can be understood in-
tuitively by considering the electrons around an atom at a very high fre-
quency.dc  The dipole moment is zero for nonpolar atoms when averaged 
over time, however, at any given moment atoms have a dipole moment due 
to the instantaneous positions of the electrons. This dipole generates an elec-
tric field that induces a dipole in nearby atoms. As a result, an attractive force 
arises between the two atoms.  
The van der Waals force is the sum of the Keesom, the Debye, and the 
London dispersion interaction: dM   
𝑉?>@(𝑥) = − BCDDEFGH	BIDJKDH	BLFMNFMO1                              (J.J) 
In the absence of strong molecular dipoles, such as in water, the disper-
sion interaction is usually the dominating force.df  
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J.J.J Van der Waals forces between macroscopic particles   
J.J.J.L Microscopic calculation: Hamaker approach 
In LgTM H. C. HamakerMf formulated van der Waals interactions between 
macroscopic particles, as distinct from the small-molecule interactions that 
had been considered previously. His calculation was based on the pairwise 
summation of the forces between all molecules in the particles. This is often 
called the microscopic approach because the calculation involves the polar-
izabilities and number densities of the atoms in the two interacting bodies.Mg   
Hamaker’s approach assumes that the interaction between a pair of mole-
cules is not influenced by the presence of a third molecule. He showed that 
the distance dependency of the van der Waals forces can be much longer 
ranged than the 𝑟Q1 dependency exhibited by single molecules. According 
to Hamaker, the interaction energy per unit area, W, between two flat sur-
faces at a distance x is given by:  
𝑊 𝑥 = 	−	 STU'VO'                                    (J.T) 
Here, 𝐴X is the so-called Hamaker constant, and the van der Waals interac-
tion energy per unit area 𝑊 𝑥  is derived by summing all the interactions 
between atomic and molecular dipoles in the particles. This approach by 
Hamaker is, however, questionable as it neglects many body effects.  
J.J.J.J Macroscopic calculation: Lifshitz theory 
In Lgbd, LifshitzfK published a paper presenting an alternative, more rigorous 
and accurate calculation of the van der Waals force between solid bodies. 
Lifshitz showed that instead of summing pair-wise interatomic forces, one 
can treat matter as a continuum with certain dielectric properties, avoiding 
the calculation of the complicating many body effects. In the Lifshitz theory, 
J.J  VAN DER WAALS FORCES              g 
 
the fluctuations in the electromagnetic field between two macroscopic bodies 
separated by the medium results in the van der Waals interaction.  
Lifshitz theory leads to an interaction that is reasonably well described 
by Equation J.T, but is different from the Hamaker approach in determina-
tion of the Hamaker constant, 𝐴X and the interaction decays more rapidly at 
larger separations due to the finite time required for the electromagnetic field 
to travel between molecules. This is known as retardation. The retardation 
effect was introduced by Casimir and PolderfL in Lgcf, as the weakening of 
the interaction forces at larger separations. It arises from the finite amount of 
time for the electromagnetic field to propagate from one charge to the other. 
The retardation effect becomes significant when the distance between fluc-
tuating charges is large enough. At large distances, by the time the second 
charge responds to the field generated by the first one, the momentary 
charge configuration of the first charge will have changed, and the charge 
fluctuations will fall out of step with each other. As a result, the strength of 
interaction is always weakened.dM When the retardation effect is taken into 
account, the Hamaker constant, 𝐴X , becomes the separation-dependent 
Hamaker coefficient, 𝐴X 𝑥 . 
In Lifshitz theory, the Hamaker constant is calculated from the bulk di-
electric and magnetic properties of the materials. The complicated structure 
of Lifshitz theory and the necessity of knowing the dielectric response func-
tion for the full range of relevant frequencies hindered its widespread ac-
ceptance. In Lgdg, Parsegian and NinhamfJ showed that application of 
Lifshitz theory could be simplified by constructing the dielectric function by 
interpolating the available spectral data. This paved the way for easier access 
to quantitative description of the van der Waals forces.  
The Hamaker constant ANOP for two half-spaces made of materials L and 
J separated by an intervening medium T is given by Equation J.c.fK,fJ Note 
that the magnetic contribution is not included in the equations below as it is 
negligible compared to the dielectric for most materials.  
𝐴UZ' = 	 Z' 𝑘"𝑇 𝑥	ln(U − 	∆UZ∆'Z𝑒QO_` )𝑑𝑥,_c8d`                      (J.c) 
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Here, ∆ refers to the dielectric reflection coefficient between the medium and 
the materials.  The prime against the summation in m indicates that the zero 
frequency term in m=Q is taken with a factor of L/J. The zero frequency term 
corresponds to the sum of the Debye and Keesom interactions, which makes 
only a minor contribution to the total interactions except in materials with 
large permanent dipole moments. Taken between two whole materials j and 
k, the dielectric reflection coefficient, ∆ef, at an imaginary frequency 𝑖𝜔 is:  
 ∆ef= 	 ij(klG)Qim(klG)	ij(klG)Him(klG)                                      (J.b) 
with  
𝜔8 = 	 'V8fnoℏ       with m = L, J, T, c, …              (J.d) 
 𝜀(𝑖𝜔) is the imaginary dielectric response functionfJ of the Matsubara fre-
quencies	𝜔8. The introduction of the imaginary dielectric function, 𝜀(𝑖𝜔) is 
a purely mathematical procedure and thus 𝜀(𝑖𝜔) itself is not a physical prop-
erty of the materials but can be calculated from the real physical adsorption 
spectrum, which is the imaginary part of the frequency-dependent complex 
dielectric function 𝜀(𝜔) of the materials. Today, the complex dielectric func-
tion 𝜀(𝜔) can be determined from the dielectric data obtained using various 
techniques such as optical reflectance, ellipsometry, and electron loss spec-
troscopy. Although most of these methods yield only one of the components 
of the complex dielectric function, the transformation from the real to the 
imaginary component or vice versa can be performed using the Kramers-
Kronig (K-K) relations.  
In this thesis, the van der Waals interaction for the layered system was 
calculated using Lifshitz theoryfT. See Appendix-A (§A.J) for details of the 
van der Waals interaction between multilayered systems.   
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Most solid surfaces are found to develop some type of electric charge when 
in contact with water or any liquid of high dielectric constant.fc-fb The pres-
ence or absence of a surface charge may not be important in macroscopic 
systems. However, in the microscopic world of colloids, the presence or ab-
sence of even a small surface charge can have significant impact on the sta-
bility of the system.JK, fd-ff  
A surface may acquire an electric charge by the following mechanisms:dc  
 
L) Direct ionization or dissociation of surface groups: surface 
groups can be directly ionized, but one of the ions can be perma-
nently bound to the surface.  
J) Adsorption or binding of ions from solution: for example, the 
adsorption of −𝑂𝐻Q  groups to the water-air interfaces that 
charges it negatively.  
T) Charge (usually protons or electrons) hopping between two dis-
similar surfaces without a liquid medium.   
 
In all three mechanisms of charging, the final surface charge of co-ions 
is balanced by an equal but oppositely charged region of so-called counteri-
ons as illustrated in Figure J.L. Here, some of the counterions are bound to 
the surface within the so-called Stern or Helmholtz layer.fg However, ther-
mal fluctuations tend to drive some counterions away from the surface. This 
leads to the formation of an electric double-layer.gK-gL  
To examine how these surface charges affect the properties of colloids, 
it is first necessary to invoke the famous Coulomb’s law. It describes the in-
verse square law of force between two electric charges, 𝑞U and 𝑞', separated 
by a distance, x, in a medium in the form:  
𝐹(𝑥) = 			 vU	v'wVii`O'                                             (J.M) 
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Figure J.L: Schematic of an electric double layer at a charged surface. The surface charge generates a surface 
potential 𝜓`. On the Stern layer, the adsorbed counterions change the potential to 𝜓y. The zeta 
potential, 𝜓z , is where the electric double layer begins. 
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where	𝜀` is the permittivity of a vacuum and 𝜀 is the dielectric permittivity 
or constant of the medium. The work done to bring two charges together 
from infinite separation to a distance x in a medium is therefore given by:  
𝑊(𝑥) = 	 vU	v'wVii`O                                            (J.f) 
𝑊(𝑥) will be positive for charges of the same sign, and negative for charges 
of opposite sign. If a charge q produces an electric field at a point x, then the 
work needed to bring a unit charge to this point is q/(w𝜋𝜀𝜀`𝑥). This is called 
the electric potential at x due to the charge 𝑞	and is denoted by 𝜓.    
J.T.L The Poisson–Boltzmann equation  
Coulomb’s law is applicable to simple systems. However, for more realistic 
situations, the presence of all ions in the system must be taken into consid-
eration. Therefore, in order to apply Coulomb’s law to solutions of electro-
lytes and colloids that contain dissolved ions, and charged surfaces, it is nec-
essary to employ Boltzmann’s distribution law. In the coming section 
(§J.T.L.L) a summary of the derivation of the electric potential 𝜓  near a 
charged planar surface using the Poisson equation and Boltzmann’s distri-
bution law is given as explained by Butt and Kappl.df 
J.T.L.L Linearized Poisson-Boltzmann equation for low potential 
 The potential, 𝜓, near a charged planar surface depends on the distance nor-
mal to the surface x. Thus, we consider a planar solid surface with a homo-
geneously distributed electric surface charge density, 𝜎, in contact with a liq-
uid. The surface charge generates a surface potential 𝜓` at x = K.  
In general, charge density and electric potential are related by the Pois-
son equation:  
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∇'𝜓 = 	− Dii`	                                            (J.g) 
Here, 𝜚5 is the local electric charge density. If the exact charge distribution is 
known, then the potential distribution can be calculated using the Poisson 
equation. However, because the ions in solution are free to move, their spa-
tial distribution needs to be calculated using Boltzmann statistics. According 
to the Boltzmann equation, the local ion density 𝑐k is given by: 
𝑐k = 	 𝑐k` ∙ 	 eQ mn                                       (J.LK) 
where 𝑊k is the work required to bring an ion in solution from infinite dis-
tance to a certain position near the surface, and 𝑐k` is the bulk concentration 
of the given ion. This shows that the local ion concentration 𝑐k depends on 
the electric potential at a certain position.  
Now, if we assume that only L:L salt is dissolved in the liquid, the elec-
tric work required to bring a charged cation to a place with potential 𝜓 is 𝑊H = 𝑒𝜓, where 𝑒 is the unit charge. For an anion, it is 𝑊Q = −𝑒𝜓. The local 
anion and cation concentrations 𝑐Q and 𝑐H are related to the local potential, 𝜓, by the Boltzmann factor: 𝑐Q = 𝑐` ∙ 	 e5/fno	 and 𝑐H = 𝑐` ∙ 	 eQ5/fno . Here, 𝑐` is the bulk concentration of the salt. Then the net local charge density is  
𝜚5 = 𝑒 𝑐H − 𝑐Q =	 𝑐`𝑒 ∙ eQD ,K,mn − 	eD ,K,mn                    (J.LL) 
Substituting Equation J.LL into the Poisson equation J.g leads to  
∇'𝜓 = 	 `5ii` ∙ eQD ,K,mn − 	eD ,K,mn                       (J.LJ) 
Often, this equation is referred to as the Poisson-Boltzmann equation. It is a 
partial differential equation of second order, and in most cases, it has to be 
solved numerically. However, in the case of a planar surface, it can be solved 
analytically. For the simple case of an infinitely extended planar surface, we 
are left with the Poisson-Boltzmann equation in the x - direction only:  
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∇'𝜓 = 	 'O' = 	 `5ii` ∙ eQD mn − 	eD mn                   (J.LT) 
For low potentials, we can expand the exponential functions into a series 
and neglect all but the first linear term:  
'O' = 	 `5ii` ∙ 	U + 	 5fno − U +	 5fno 	±	∙	∙	∙	 	 ≈ '`5'ii`fno ∙ 𝜓          (J.Lc) 
Note that low potential means, 𝑒 𝜓 ≪ 𝑘"𝑇. At room temperature, this im-
plies that 𝜓 ≤	Jb mV. Fortunately, in most applications, the result is valid 
even for higher potentials, up to bK - fK mV. The Equation J.Lc is sometimes 
called the “linearized Poisson-Boltzmann equation” or “Debye-Hückel ap-
proximation”. The general solution of Equation J.Lc, the linearized Poisson-
Boltzmann equation, is  
𝜓 𝑥 = 	𝐴 ∙ 	eQO + 𝐵 ∙ 	eO	                           (J.Lb) 
with  
𝜅 = 		 '`5'ii`fno                                        (J.Ld) 
Here, A and B are constants, which are defined by the boundary conditions. 
The boundary conditions require that, at the surface, the potential is equal to 
the surface potential, 𝜓 𝑥 = ` = 	𝜓`, and that far away from the surface, the 
potential should disappear 𝜓 𝑥 → ∞ = ` . This condition leads to B = K. 
From the first boundary condition, we get A = 𝜓`. Thus, the potential is given 
by  
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𝜓 = 𝜓` 	 ∙ 	 eQO                                 (J.LM) 
The potential decreases exponentially with the decay length 𝜆 = 𝜅QU . 
This decay length is called the Debye length. It indicates how fast the surface 
potential decays. As seen in the Equation J.Ld, the Debye length is inversely 
proportional to the salt concentration. This is easily understood as the 
greater concentration of ions in solution, the more effective the screening of 
the surface charge.  
J.T.J Interacting double layers   
In the previous section, we dealt with the potential distribution around an 
isolated charged surface by considering a simple planar surface. Now if two 
charged surfaces approach each other, then the electric double layers overlap, 
and an electric double-layer force will arise. This electric double-layer force 
is essential for the stabilization of colloid systems.gJ  
Several methods are available for calculating the interaction energy of 
two electric double layers.  For example, Hogg, Healy, and FuerstenaugT for-
mulated the change in Gibbs energy of the two double layers with constant, 
but different surface potentials. Parsegian and Gingellgc calculated the os-
motic pressure for two different surfaces.  
To calculate the potential distribution in the gap between two double 
layers, we need the Poisson-Boltzmann equation. However, we need to alter 
the boundary conditions from our previous derivation. Two types of bound-
ary conditions are of interest:dc, df  
 
L) Constant potential: During approach, the surface potentials of 
two surfaces remain constant:  
J) Constant charge: During approach, the surface charge densities 
of two surfaces remain constant.  
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The force per unit area can be written in a very simple form when the 
separations between two double layers are large enough (𝜅𝑥	 > U) : gb  
𝐹 𝑥 ≈ 𝑓 ∙ e −𝜅𝑥                                   (J.Lf) 
Here the prefactor 𝑓 is some function of the surface charge or potential and 𝜅QU is the Debye length, which depends on salt concentration and is an indi-
cation of the range of the double layer force. Note that at smaller separations, 
however, the calculation becomes very complicated and the assumptions of 
the model might become invalid.gb In the case of real surfaces, neither the 
surface charge nor the surface potential remains constant. For instance, when 
two surfaces are forced into contact the counterions are forced to re-adsorb 
onto their original surface sites. Thus, the surface charge becomes a function 
of the distance between the two surfaces. This is known as charge regula-
tion.gd-gM This regulation leads to forces that lie between the two theoretical 
limits set by the constant charge and constant potential boundary condi-
tions.dc 
To analyze the electric double layer forces measured in this thesis, we 
used an algorithm developed by Chan, Pashley and Whitegf  that calculates 
the interaction energy of the repulsion between two flat surfaces of the same 
potential. The numerical procedure in this algorithm starts from the planar 
Poisson-Boltzmann equation for a L:L electrolyte solution presented earlier 
in Equation J.LT which can be re-written as Equation J.Lg with a dimension-
less potential 𝛹	 ≡ 𝑒𝜓/𝑘"𝑇  
	'O' = 	 `5'ii`fno ∙ eQ −	e                   (J.Lg) 
Below is a summary of the algorithm developed by Chan, Pashley and 
White.gf  Equation J.Lg can be simplified as  
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'' = sinh𝛹	                                   (J.JK) 
where X (𝜅x) is the scaled distance measured from the midplane, and 𝜅 is the 
inverse of Debye length. A first integration of Equation J.JK gives  
 
>> = 𝑄	Sgn	( 𝛹8)	                                   (J.JL) 
 
where Sgn is the sign function taking values of either -L or +L, and the varia-
ble Q is defined as  
 
𝑄 = '(cosh𝛹 − cosh	𝛹8)		                                   (J.JJ) 
 
where 	𝛹8 is the scaled midplane potential, which emerges as an integration 
constant. Equation J.JL satisfies the symmetric zero-derivative boundary 
condition at the midplane (X = K). We calculate >¤>  using the chain rule and 
remembering the hyperbolic identity ( (cosh𝛹)' − (sinh𝛹)' = L ) we derive 
that 
>¤> = ¥¦§¨¤ = 	 ©ª§	(G)¤ ¤'' + cosh𝛹8 ' − U	                (J.JT) 
By multiplying Equations J.JL and J.JT we derive the differential equation 
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>>¤ = ¤'' + cosh𝛹8 ' − UQU																																									(J.Jc) 
The midplane in terms of these variables is the point (Q = K, X = K). If we 
know what value of Q corresponded to the surface charge (𝑄6), then for a 
given value of the reduced midplane potential 𝛹8, we can solve Equation 
J.Jc from Q = K to Q =	𝑄6 by a suitable numerical technique for solving dif-
ferential equations. Thus we determine 	𝑋6 = 	𝜅𝐿/', the scaled distance from 
the midplane to the surface of charge corresponding to the given value of 𝛹8, 
where L/P is the distance from the midplane to each surface. Repeating this 
procedure for a set of suitably chosen values of 𝛹8 will generate a set of cor-
responding 𝜅𝐿/' values, which we can compare to the measured separations. 
The electrostatic pressure at each value of L is simply calculated from the 
corresponding 𝛹8 value byJL, dc  
𝑃(𝐿) = '𝑛𝑘"𝑇(cosh	𝛹8 − U)	                                   (J.Jb) 
The interaction free energy per unit surface area 𝐸°(𝐿) can be computed 
from  
𝐸°(𝐿) 	= 𝑃 𝐿± 𝑑𝐿±_<                                    (J.Jd) 
In the case of constant surface potential, 𝑄6 is calculated directly from Equa-
tion J.JJ with	𝛹 = 𝛹6,	 
𝑄6 = '(cosh𝛹6 − cosh	𝛹8)                                   (J.JM) 
In the case of constant surface charge, we have Gauss’ boundary condition 
with surface charge density, 𝜎 
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>> = wV5²fno 	 ∙ 𝜎                                   (J.Jf) 
From Equation J.JL we see immediately that  
𝑄6 = wV5²fno 	|𝜎|                                   (J.Jg) 
Most surfaces will fall somewhere between these boundary conditions. 
Note that when the measured force was suspected to be an attractive 
force between surfaces with two different potentials, we used the method of 
Parsegian and Gingellgc (See § c.J.M.L). 
J .c  DLVO THEORY 
 
The van der Waals force and the electric double layer force that were covered 
in previous sections are the two forces acting between charged surfaces ac-
cording to the famous DLVO theory. This theory was developed inde-
pendently by Deryaguin and Landau in LgcLJK and E. J. W. Verwey and J. T. 
G. Overbeek in LgcfJL. DLVO theory was developed to quantitatively explain 
the coagulation of dispersed particles in aqueous solution. The theory de-
scribes the interplay between the van der Waals attraction that causes aggre-
gation while the double layer force promotes stabilization.  
Figure J.J shows the interaction energy between two identical surfaces 
calculated with the DLVO theory. Depending on salt concentrations and sur-
face potential, there can be three force regimes: a very weak attraction (sec-
ondary minimum) at large separations, a double-layer repulsion at interme-
diate separations, and a strong attraction at short separations (primary min-
imum).  
J.c  DLVO THEORY              JL 
 
At low salt concentrations or at high surface potentials, the repulsive 
double layer force will prevent the particles from aggregating. This repulsive 
energy barrier can be so high that the thermal energy of the particles cannot 
overcome it.dd This will lead to a stable colloid dispersion. 
As the salt concentration increases or the surface potential decreases, 
however, the repulsive energy barrier decreases. At high salt concentration 
or at low surface potential, this barrier becomes small and the van der Waals 
attraction dominates and aggregation of the particles in suspension will oc-
cur. Note that the van der Waals force between two identical surfaces is al-
 
 
Figure J.J: Schematic of the net DLVO interaction (black solid line) as well as the electric 
double layer (blue dotted line) and van der Waals (orange dotted line) com-
ponents between two identical surfaces as a function of separation.  
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ways attractive regardless of the medium in the gap.gg A very important fea-
ture to notice here is that when the separation becomes very small DLVO 
theory predicts that the van der Waals attraction always dominates.  
The secondary minimum can exist at large separations.LKK It can lead to 
a weak, reversible coagulation.LKL-LKJ 
In describing colloid stability, DLVO theory makes several assump-
tions.LKT Worth noting here are:  
 
L) The solid surfaces are smooth at the molecular level.  
J) An intervening medium is described by dielectric properties, 
has no granularity and has bulk properties up to the interface.  
T) The electric double layer and van der Waals forces are treated 
independently and assumed additive.  
c) The double layer interaction potential is computed using the 
non-linear Poisson Boltzmann equation for point ions. The dis-
crete nature of charge is ignored and the smeared out surface 
charge approximation is applied.  
 
When DLVO theory deals with long-range forces that are essential to 
explain the lyophobic colloid stability which was the original intention of the 
theory, the above assumptions present few problems.LKT It has been, indeed, 
the dominating paradigm in colloid stability for almost MK years.  
J .b  THE DERJAGUIN APPROXIM ATION  
 
In the previous derivation, the interaction was expressed as interaction ener-
gies rather than the forces experienced by molecules and small particles. The-
oretically, it is easier to calculate the interaction free energy per unit area,  𝑊%(x), between two parallel planar surfaces.dc Experimentally, however, it is 
usually easier to measure the forces, F(x), between two curved bodies as a 
function of their surface separation x, which is size and geometry dependent. 
Therefore, it is desirable to have a method to relate the interaction force to 
the interaction energy.  
J.b  THE DERJAGUIN APPROXIMATION              JT 
 
In LgTc, DerjaguinLKc proposed that many kinds of interaction, between 
spheres or between a sphere and a plane or between any curved surfaces, 
could be derived from an expression for the interaction between two parallel 
planar surfaces. Below is the derivation that shows how to relate the energy 
per unit area for two flat surfaces to the force between two spheres.LKb 
Assume that we have two spherical particles of radii 𝑅U and 𝑅' at a sur-
face separation x apart, as illustrated in Figure J.T. The total surface forces, 
F(x), between these two particles can be obtained by integrating the forces 
between a circular element strip of area, '𝜋𝑦𝑑𝑦, on the upper surface and the 
lower surface,  
𝐹 𝑥 = 	 '𝜋𝑦𝑑𝑦 𝑓(𝑍)·dOH¸U·dO                        (J.TK) 
where, f(Z), is the force per unit area. Now we take several approximations 
in deriving the 𝐹 𝑥 - 𝑊%(x) relation. 
 
 
 
Figure J.T: Schematic of two spherical particles of radii 𝑅U and 𝑅' at a surface separation x 
apart 
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First, we divide the surface of the first sphere ( 𝑅U) into infinite number 
of rings, so that each circular strip becomes a flat ring of width dy. Replace 
the second sphere (𝑅') with an infinite flat surface at the separation Z directly 
opposite to the flat rings, which is a reasonable approximation for 𝑅U, 𝑅' ≫ 
x. Now, we take the “Chord Theorem” approximation, in which the surface 
curvature is assumed to be parabolic. Then the following relation holds true 
for all separations, 
𝑅U' = (𝑅U − 	𝑧U)' + 	𝑦'                                (J.TL) 
and for 𝑅U ≫ x (and thus 𝑅U ≫ 𝑧U ≫	𝑧U'), this gives,  
𝑧U ≈ 	 ;''¸U                                           (J.TJ) 
and similarly,  
𝑧' ≈ 	 ;''¸'                                           (J.TT) 
Thus,  
𝑍 = 𝑥 +	𝑧U + 	𝑧' 	≈ 𝑥 +	 ;''¸U  +  ;''¸'                      (J.Tc) 
Differentiating Z with respect to y gives,  
𝑑𝑍 = 	 ;¸ 𝑑𝑦	                                        (J.Tb) 
where  𝑅	 = 	 ¸U¸'¸UH¸'                                        (J.Td) 
Substitution of Equations J.Tb and J.Td into Equation J.TK leads to  
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𝐹 𝑥 = '𝜋𝑅	 𝑓 𝑍 𝑑𝑍·dOH¸U·dO                           (J.TM)    
Now we assume that the range of surface force is small compared with the 
size of the two spheres, which is a reasonable assumption in practice. Then, 
we can replace the upper integration limit in Equation J.TM with infinity. This 
gives:  
𝐹 𝑥 	= 	'𝜋𝑅	 𝑓 𝑍 𝑑𝑍_O = '𝜋𝑅𝑊S(𝑥)                   (J.Tf)   
where 𝑊S(𝑥) is the interaction free energy between a unit area and a semi-
infinite surface x apart. Now, we can assume that the interaction free energy 
between two unit areas 𝑊%(x), is very similar to 𝑊S(𝑥), which is a very good 
approximation for surfaces in close proximity. And, we finally arrive at the 
Derjaguin approximation, LKc  
𝐹 𝑥 = '𝜋𝑅𝑊%(𝑥)                               (J.Tg) 
Although Equation J.Tg has been derived for two spheres, it can be eas-
ily adapted to other geometries. In case of a sphere of radius 𝑅U against a 
planar surface (as in the colloid probe AFM technique that this thesis em-
ployed), we set 𝑅' ≫  𝑅U in Equation J.Td, and it gives dc, df, LKb 
𝐹 𝑥 = '𝜋𝑅U𝑊%(𝑥)                             (J.cK) 
The Derjaguin approximation is applicable to any type of force law as 
long as the range of the interaction and the separation x are much smaller 
than the radii of the spheres. It is useful for comparing experimental data 
with theory. It is also useful for comparing force data among different exper-
iments, since all forces can be scaled by a simple geometric factor that de-
pends only on the local radii of the interacting surfaces.dc  
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J.d  NON-DLVO FORCES 
 
The force between two solid surfaces can usually be described by DLVO the-
ory based on continuum models for large separations. However, the contin-
uum theory eventually breaks down at small surface separations,df at which 
point the molecular nature of the intervening liquid medium has to be taken 
into account. It is, therefore, not surprising to find some phenomena that 
cannot be explained by DLVO theory. We briefly discuss some of the phe-
nomena that are caused by the discrete nature of liquid molecules in the fol-
lowing section.  
J.d.L Hydration force 
When two hydrophilic surfaces are brought into contact, repulsive forces 
have been measured in aqueous solution. The short range repulsive force has 
been experimentally measured in aqueous electrolytes between a variety of 
surfaces both soft106-110 and hard such as aluminaTd, micaMJ, LLL, and silicaJf, LLJ-
LLT. This force arises between two surfaces when water molecules bind 
strongly to molecules at the surfaces.  The repulsive force has been described 
by the energy required to remove the water layer from the hydrated surfaces 
or from ions adsorbed to the surface. The hydration force could explain a 
range of natural phenomena, such as swelling of certain clays and repulsion 
between biological membranes.LKb 
Measured hydration forces are found to decay exponentially with a de-
cay length comparable to the size of water molecules, but with widely differ-
ing magnitudes.ML As it decays quite rapidly, the force is observed at separa-
tions only up to a few nm.dc  
To date, despite extensive research in the field, a dominant theoretical 
description of the hydration force has not emerged although several theoret-
ical models have been proposed.LLc-LLd In analysing the surface forces meas-
ured between hydrophilic hafnia surfaces in Chapter c, I used the model de-
veloped by Marcelja and RadicLLb who explained the short-range repulsion 
by a modification of water structure near hydrophilic surfaces.  
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J.d.J Hydrophobic force 
The strong attraction between hydrophobic surfaces in water, which is now 
termed the hydrophobic interaction or forcedg-MK, LLM has been of significant in-
terest to many theoretical and experimental scientists, since the first experi-
mental result of the distance dependence of this force reported an exponen-
tially decaying attractive force with a long-ranged decay length (~ L nm)LLf. 
Direct measurements of the interaction between hydrophobic surfaces were 
performed typically between mica surfaces that were rendered hydrophobic 
by adsorption of surfactantsLLf-LLg, Langmuir-Blodgett depositionLJK-LJL, and 
by chemisorptionLJJ-LJc. Although the long-range exponentially decaying at-
tractive force between hydrophobic surfaces in water is now well acknowl-
edged, to date the reported range and magnitude of the hydrophobic force 
varies significantly depending on the physical system and the measurement 
methods.dg 
One of the major sources of disagreement in the experimental results is 
the dependence of the attractive force on the hydrophobic surface prepara-
tion technique. Forces measured between relatively smooth and stable hy-
drophobic surfaces produced by chemisorption have been reported to be in 
a range of < LK-JK nmLJb-LJd , whereas surfaces prepared by physisorbed sur-
factants resulted in longer ranged forces (> JK nm) MK, LJd.  Complexity often 
arises in measuring and interpreting the hydrophobic force due to other fac-
tors such as surface roughness and surface nanobubblesLJM-LTL. Preparing ro-
bust, smooth, and molecularly well-defined hydrophobic surfaces is there-
fore crucial. 
I investigate the interaction between hafnia surfaces hydrophobised us-
ing palmitic acid vapor treatment in Chapter d.  
J.d.T Steric force  
A stabilized colloid can be observed when the particles are covered with a 
dense polymer layer,MT, LTJ, Mc either through adsorption or through chemical 
grafting.  If two particles approach, the polymer layers will touch when the 
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separation between them becomes less than twice the polymer layer thick-
ness. In a good solvent for the polymerLTT, the local increase in polymer con-
centration gives rise to a repulsive steric interaction between the particles. 
This repulsion is called a steric force.LTc-LTb A short-range steric repulsion can 
also arise from the adsorption of small molecules.LTd 
J .M  SURFACE FORCE M EASUREM ENT TECHNIQU ES  
 
Direct measurement of surface forces is a challenging task because of their 
short-ranged nature. Not only is a sensitive detection technique for forces 
required, but also a precise control of separation on the sub-nanometer scale. 
Additionally, surface roughness and contaminations are usually serious is-
sues in direct force measurement.LTM  
Early attempts to measure the surface forces were indirect because what 
was measured was the force required to break adhesions between surfaces 
in contact.LTf-LcK  One of the first direct measurements of the forces between 
surfaces as a function of separation was performed by Derjaguin and 
coworkers in Lgbc.LcL They tried to verify the Lifshitz’ theory on the distance 
dependence of van der Waals forces. The force between a quartz sphere and 
a quartz plate for distances down to LKK nm was measured using a specially 
constructed microbalance with electromagnetic feedback system. The sepa-
ration was measured by optical interference. Their results fell within bK% of 
the theoretical predictions for van der Waals forces by Lifshitz.dc  It was the 
first experimental result that verified the theories of molecular attraction be-
tween two solid surfaces.  
Since then, more force measurement techniques have been developed 
and refined, and now sophisticated techniques are available. The advantages 
and limitations of these popular techniques, including atomic force micro-
scope (AFM) which was used to make the force measurements presented in 
this thesis are discussed in the following sections.  
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J.M.L Surface Force Apparatus (SFA) 
In Lgdf, Tabor and WintertonJJ measured the forces between molecularly 
smooth muscovite mica surfaces in air using a technique later called SFA. 
The surface forces apparatus (SFA)JT contains two crossed silica cylinders 
with a radius of curvature of about L–J cm onto which thin sheets of mica 
are glued. The separation between the two cylinders is changed using a pie-
zoelectric translator, and the direct determination of the separation was 
measured by optical interferometry. 
In SFA, an interferometry technique called fringes of equal chromatic 
order (FECO)LcJ is used for determining the separation down to K.L nm. 
Among all the techniques available, it is the only one that can directly deter-
mine the true separation between surfaces. However, the FECO technique 
requires that both surfaces are transparent to visible light. As a result, mica 
has been used extensively in SFA force measurements with a few attempts 
to overcome this limitation by using alternative materials, including sap-
phireLcT, silicaJf, and polymer filmsLcc. This limited the variety of the surfaces 
which can be studied. Although the technique has been modified by Conner 
and HornLcb so that only one surface is required to be transparent as long as 
the other surface is partially reflective and modified again later by Kawai et 
al.Lcd so that the distance between two non-transparent substrates can be de-
termined using two-beam interferometry. An alternative method has also 
been developed to employ opaque materials, replacing the FECO technique 
for measuring distances by a capacitance methodLcM-Lcf, Lcg.  
J.M.J Optical Trapping (OT) 
Optical trapping or optical tweezersLbK was first developed in Lgfd by Ashkin 
et al., who demonstrated that the momentum of photons can capture and 
manipulate microscopic particles in three dimensions. In optical trapping, a 
tightly focused laser beam attracts transparent dielectric particles to its focal 
spot. The trapped particle can be displaced from its equilibrium position 
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when there are external forces. The optical trap can be used as a highly sen-
sitive force measurement tool.LbL  The trap stiffness (spring constant) can be 
calibrated and the displacement of the trapped particle from the equilibrium 
position can be measured.LbJ Optical trapping has been extensively used in 
studying biological samples.LbT  Optical trapping is also used in total internal 
reflection microscopy. 
J.M.T Total Internal Reflection Microscopy (TIRM) 
Total internal reflection microscopy (TIRM), developed in LgfMLbc, measures 
the potential energy vs. separation between of a single microsphere and a 
transparent flat plate. In a TIRM experiment,Lbb a microsphere is allowed to 
sediment toward the plate. When there is repulsive force between them due 
to, for example, electric repulsion or steric repulsion, the microsphere finds 
an equilibrium position. A laser beam is then directed at the particle from 
below through the transparent flat plate. An evanescent waveLbd is generated 
between the plate and the sphere, when total internal reflection of the laser 
beam occurs at critical angle. The evanescent wave will be scattered by the 
sphere. The distance between the sphere and the plate can be measured by 
monitoring the intensity of the scattered evanescent wave.LbM By recording 
the changes in vertical position of the sphere due to Brownian motion, one 
can determine the potential energy of interaction and the diffusion coeffi-
cient of the sphere.Lbf  
J.M.c Atomic Force Microscope (AFM) 
The atomic force microscope (AFM) was invented in Lgfd by Binnig et al.Jc 
and it belongs to a series of scanning probe microscopes invented in the 
LgfKs. Although, originally it was developed for imaging the topography of 
surfaces, it has become one of the most popular surface force measurement 
techniques.  
In the AFMJb, Lbg-LdK a sharp tip or a colloidal particle attached to the end 
of a cantilever is brought in contact with an approaching planar surface by 
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the use of the piezoelectric translator. The force between the probe and the 
surface is measured by monitoring a laser beam that is reflected from the 
backside of the cantilever.  The radii of the probe is typically about LK µm, 
the small radius results in a small contact area, reducing the impact of con-
tamination and surface roughness.df  
A critical part in analyzing AFM force data is the determination of zero 
separation, where the probe makes contact with the surface.LdL This is usually 
determined from the interaction forces as there is no direct measurement for 
absolute distance in the AFM. In contrast the FECO technique employed in 
the SFA offers clear information on the separation between the surfaces.  
Among the surface force measurement techniques reviewed in the pre-
vious sections, the AFM appears to be the most suitable method for the ex-
periments designed for this thesis. In the usual optical trapping setup, only 
transparent particles can be capturedLdJ-LdT and in the TIRM a transparent flat 
surface is required.Ldc-Ldb Also, TIRM is not suited to measuring strongly at-
tractive forces. The SFA involves a relatively large contact area between sur-
faces, thus the technique requires a very high demand of clean handling and 
operation to avoid contamination.df Therefore, I used the AFM for surface 
force measurements presented in this thesis due to its relatively easy opera-
tion and flexibility in employing various types of surfaces.  A more detailed 
description of the principles of the AFM are presented in Chapter T of this 
thesis.  
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EXPERIMENTAL METHODOLOGY 
 
his chapter describes the general experimental techniques that 
were used in the surface force measurements presented in chapters 
c-d. Techniques that are exclusive to each chapter are described in 
the method section of the corresponding chapter.  
The general experimental procedure in this work consisted of three 
main steps. Firstly, smooth hafnia surfaces were produced using atomic 
layer deposition (ALD). The roughness and thickness of the ALD prepared 
hafnia layer were then determined using an atomic force microscope (AFM) 
imaging and X-ray reflectivity (XRR). Zeta potentials of the surfaces were 
also measured to find the isoelectric point (iep). Lastly, the surface force was 
measured using an AFM and the force data were analysed.  
T .L  ATOM IC LAYER DEPOSITION 
T.L.L Substrates 
Atomic layer deposition (ALD) cd, Ldd was used to produce smooth surfaces 
suitable for AFM force measurements. The AFM colloid probe techniqueLdM 
for force measurement requires one flat and one spherical surface. For the 
flat surface, boron-doped silicon wafers with a native oxide layer of thickness 
~ J nm supplied by MEME, US, were used. Borosilicate spheres of mono-
modal size distribution and radius LK ± K.L µm, supplied by Duke, (borosili-
cate glass gKJK) were used as the spherical substrate.  
T 
CHAPTER     3 
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Prior to ALD, the aforementioned substrates were cleaned using an in-
house plasma chamber using radio frequency (RF) water plasma (TK W for 
gK s, followed by bK W for TK s). The plasma treatment cleans organic con-
tamination from the surface and creates hydroxyl chemical groups on the 
surface, which are the bonding sites for the ALD reaction.  
T.L.J Fundamentals of Atomic Layer Deposition  
Since its development in LgMMLdf, atomic layer deposition (ALD) cd, Ldd has be-
come an important technique for depositing a variety of thin film materials 
in various applications such as thin film solar cell devicesLdg-LML, high-k tran-
sistorsLMJ-LMT, and solid oxide fuel cellsLMc-LMb.  In ALD, a sequential, self-limit-
ing growth mechanism in the gas phase produces conformal thin films with 
control over the thickness and the chemical composition.LMd   
ALD uses precursor vapors and reactant gases to produce layers of thin 
materials. Generally, ALD deposition consists of the following stepscb, Ldd:  
 
L) Reactions of first precursor with surface reactive sites 
J) Inert gas purge to remove unreacted precursor or by-products 
T) Reactions of co-reactant gas with surface reactive sites  
c) Inert gas purge to remove unreacted precursor or by-products 
 
These four steps are referred to as one ALD cycle which results in one layer 
of the material being deposited at the surface. This cycle is repeated until the 
desired film thickness is achieved. During steps L and T, the precursor or the 
co-reactant gas is pulsed into a chamber under vacuum for an appropriate 
amount of time to facilitate the full reaction with the substrate surface. The 
ALD process requires an oxide surface as a starting surface to produce metal 
oxide film. The hydroxyl surface groups provide the surface reactive sites for 
the precursor. A precursor is typically a metal centre surrounded by chemi-
cal functional groups. Water vapor can be used as the co-reactant gas and 
nitrogen as the inert gas for purging. The surface is hydroxylated again after 
one full cycle, and the process is repeated. A schematic illustration of a typi 
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cal ALD cycle is shown in Figure T.L. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure T.L: Schematic illustration of a typical ALD cycle of hafnia (HfOJ) based on a hafnium 
tetrachloride (HfClc) precursor and HJO process. The cycle is based on the alternate 
exposure of a surface to the precursor and the co-reactant (HJO) gas separated by 
purge steps. 
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The critical factor in choosing ALD for the work presented in this thesis 
over the alternative deposition techniques such as sputtering is the superior 
conformality of ALD-deposited films due to its self-limiting aspect. cd Be-
cause of different precursor gas fluxes, some surface areas may react before 
others. However, once the reaction is reached completion in one area, the 
precursors will then proceed to react with other unreacted sites and produce 
a very conformal deposition.cd With sufficient pulse times, the precursor can 
reach into deep trenchesLMM, and nano-poresLMf, completing reaction with the 
entire three dimensional surface. Due to this self-limiting nature of the reac-
tion, ALD films can be produced that are extremely smooth and pinhole-free 
through careful control of the deposition conditions.  
T.L.T ALD methodology and equipment 
Smooth hafnia layers were grown on the aforementioned substrates using a 
Savannah LKK (Cambridge Nanotech) ALD system immediately after the 
plasma cleaning. It has been reported that the surface roughness of ALD pro-
duced films depend on the deposition conditions including layer thickness 
and reaction temperature.cT, LMg  
The effects of deposition temperature and film thickness on ALD hafnia 
surfaces have been previously investigated.cf, LfK  In the case of hafnia depo-
sition using tetrakis (dimethylamido) hafnium as precursor, the roughness 
of the surface is reported to increase as the deposition temperature increases. 
However, when tetrakis (ethylmethylamido) hafnium was used as precursor, 
hafnia deposition at LMb °C led to the formation of crystallites, which led to a 
rougher surface, while deposition at JbK °C yielded smoother surfaces.cT 
Therefore, in this work, the hafnia layer was grown at JbK °C using the 
tetrakis (ethylmethylamido) hafnium as precursor to minimize the rough-
ness of the film.  
In order to minimize the surface roughness, it was also necessary to limit 
the hafnia layer thickness to approximately LK nm. At this layer thickness the 
measured dispersion forces are influenced by the substrate. Silica and silicon 
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typically give low dispersion forces as characterized by the Hamaker con-
stant. To obtain a surface with a Hamaker constant similar to bulk hafnia, a 
titania layer was first deposited as an under-layer. At short range, the influ-
ence of the underlayers (titania and silicon) on the total interaction forces is 
negligible. It is the top layer that dominates the forces at short separations. 
As we are mostly interested in the abnormal forces observed at very short 
separations the relatively thin hafnia layer should be sufficient. 
The titania and hafnia surfaces produced here used titanium isopropox-
ide and tetrakis (ethylmethylamino) hafnium as the Ti and Hf precursors, 
respectively, and water vapor as the co-reactant. The ALD deposition condi-
tions for the experiments conducted in this thesis are presented in Table T-L.   
Once desired surfaces were produced using ALD, they were stored in 
plastic petri dishes in dry conditions until use. The surface force was meas-
ured using AFM within d months of the surface production. The flat surface 
and the colloid probe were cleaned using an RF water plasma system (at LK 
W for cb s) immediately prior to AFM force measurements.  
 
Table T-L: The ALD deposition condition for the hafnia layer and the titania underlayer. Ni-
trogen was used as the carrier gas at a flow rate of JK sccm (standard cubic centi-
metre per minute). 
 
Precursor 
Temperature 
(°C) 
ALD 
Reaction 
Temperature 
(°C) 
Total 
number of  
cycles 
Pulse  
duration (s) 
Ti LKK fK fKK 
Ti: K.b 
Nitrogen: M 
Water: K.b 
Nitrogen: b 
Hf Mb JbK LcL 
Hf: K.b 
Nitrogen: JK 
Water: K.b 
Nitrogen: JK 
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T.J.L The principle of AFM  
A schematic of a typical AFM setup is shown in Figure T.J. It consists of two 
major components. One is the piezoelectric scanner that manipulates the po-
sition of the sample in the x, y, and z directions. The other is the detection 
system that includes a laser source, a cantilever, a mirror, and a photodetec-
tor.Jb, LdL 
The cantilever tip scans the surface of the sample by the use of a piezo-
electric scanner. The laser beam is aligned so that it is reflected off the back 
of the cantilever.  In its simplest implementation, undulations in the surface 
cause deflection of the cantilever, which can be sensed by the reflected laser 
 
Figure T.J: Schematic of an AFM setup. The sample is in contact with a sharp tip that sits at 
the end of cantilever and is scanned by a piezoelectric translator.   
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beam. The reflected beam is guided by a mirror onto the quadrant photodi-
ode. The difference in the light intensities between the upper and lower parts 
of the photodiode is sent to the photodetector. This data is mapped in x and 
y to present a deflection image or alternatively the deflection data is sent to 
the computer control feedback loop. The feedback loop allows the cantilever 
defection to be held constant by maintaining a constant distance between the 
cantilever and the sample allowing a height image to be produced. Jb, df, LdK 
T.J.L.L AFM imaging   
In AFM imaging modesLdK, the cantilever is usually scanned over the surface 
to produce a topographical image of the surface. A feedback loop is em-
ployed to keep the cantilever deflection constant. This is done by adjusting 
the voltage applied to the scanner and hence by moving the scanner in the z 
-direction.   From this calibrated movement of the piezoelectric scanner, the 
surface height profile can be generated. The surface height profiles from each 
single scan are then put together to generate a three-dimensional surface to-
pography.  
Several factors determine the imaging resolution. The piezoelectric 
scanner allows the movement of the sample possible with sub nanometre 
precision and the optical lever technique offers a sub-angstrom resolution in 
measuring the cantilever deflection.df 
AFM imaging can employ two different AFM modes: Contact mode 
AFM and Tapping mode AFM.LfL In contact mode, a mechanical contact be-
tween the tip and sample is made and the deflection of the cantilever is kept 
constant. This mode is applicable to hard samples but is not recommended 
for soft samples as the forced contact damages the sample. In tapping mode, 
which is suitable for soft samples, the tip is oscillated near its resonance fre-
quency. When the tip is brought close to the surface, the oscillation ampli-
tude or the resonance frequency changes. The feedback can use either the 
amplitude or resonance frequency to produce a height image of the sample. 
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T.J.L.J AFM force measurement   
When AFM is used to measure the force between the probe and the sample, 
the piezoelectric scanner moves up and down in the direction normal to the 
surface.Jb This changes the distance between the probe and the sample. What 
is measured here is the cantilever deflection versus position of the piezo, nor-
mal to the sample surface. 
In order to obtain a force-versus-separation curve, the cantilever deflec-
tion (volts) and the position of the piezo (nm) have to be converted to force 
and true probe-sample separation.LdL To calculate the force, firstly, the detec-
tor signal in volts is converted to cantilever deflection in nanometers, Δ𝑥, us-
ing the slope of the line of the constant compliance region measured on hard 
surface. The force between the probe and the sample can be found from the 
deflection using Hooke’s law:  
𝐹 = 	−𝑘	Δ𝑥                                            (T.L) 
where k (N/m) is the spring constant of the cantilever. The calibration of the 
spring constant of cantilever is explained in § T.J.J.  
The true probe-sample separation x is different from the raw distance 
data which is the distance Zp between sample surface and the rest position 
of the cantilever as illustrated in Figure T.T. Thus, the true probe-sample sep-
aration x is:  
𝑥 = 𝑍° + 	Δ𝑥                                         (T.J) 
 
 
 
 
 
T.J  ATOMIC FORCE MICROSCOPE (AFM) FORCE MEASUREMENT              cL 
 
 
 
Figure T.T:  Schematic of the true probe-sample separation x 
 
 
 
The final force versus separation curve will look similar to the force 
curve in Figure T.c-b. Usually, a normalized force (the force divided by the 
radius of the probe F/R) is used in presenting force curve. This allows com-
parison between the experimentally measured force and theoretical calcula-
tion according to the Derjaguin approximation (§J.b).  
As the AFM measures only the relative displacement of the cantilever 
not the absolute probe-sample separation, it is important to identify the point 
at which the AFM probe comes into contact with the sample, the so called 
‘zero contact point’ or  ‘zero separation’ by the method described below.LdL 
Usually an AFM force curve consists of several different regimes as indicated 
in Figure T.c:df  
 
L) At large separations, the probe and the surface do not experience 
any surface forces between them, and thus the cantilever deflec-
tion will be zero. The average value over an appropriately large 
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region is subtracted from the entire curve such that at large sep-
arations the force is zero.  
J) At small separations, the probe and the surface experience sur-
face forces between them, and the cantilever will start to deflect. 
When the force is attractive, the probe will jump in contact with 
the surface (dotted line), if the gradient of the attractive force ex-
ceeds the spring constant of the cantilever.  
T) After contact, the probe and surface will move in concert for a 
hard surface. Here the cantilever is said to be compliant as the 
surface is very much stiffer than the cantilever. This is called the 
constant compliance region. The gradient of this compliance re-
gion is used to convert the photodiode detector signal (volts) to 
cantilever deflections in nanometres.  
c) If the probe and the surface are both hard, then upon reversal of 
the direction, the cantilever will again move in concert with the 
sample until they separate. If adhesive forces between the probe 
and sample surface exist, the cantilever will bend such that the 
surfaces remain in contact whilst the cantilever is pulling on the 
probe with a restoring force. When the restoring force of the can-
tilever exceeds the adhesion force, the cantilever snaps back to 
its equilibrium position (dotted line). 
 
At small separations, if the cantilever deflects towards the sample due 
to attractive forces, for example, then the probe-sample separation will be 
less than expected from the piezo position. This is corrected by subtracting 
the cantilever deflection from the piezo position. From this correction the 
compliance region becomes a vertical line which is then set to zero separation. 
A force curve of region L) to T) is called an “approaching” force curve as it is 
measured when the two surfaces are brought together and forced to make 
contact. It is sometimes referred to as “extension” curve because the piezo is 
extended during this measurement in order to reduce the separati- 
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Figure T.c: Schematic of a typical cantilever deflection (detector signal) vs piezo position 
curve and corresponding force vs separation plot  
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on between the two surfaces. On the other hand, the reversal region of c) to 
d) is called a “retraction” force curve.  
T.J.J AFM cantilever calibration 
Accurate knowledge of the cantilever spring constant k is critical in AFM 
force measurement as indicated in Equation T.L. Although cantilever manu-
facturers provide the values of spring constant, these values are not very re-
liable. Therefore, independent calibration of spring constants has to be done 
for each cantilever used in force measurement.  
A number of methods for calibrating the spring constant are available. 
LfJ-Lfb We used the thermal noise method developed by Hutter and Bech-
hoeferLfT for spring constant calibration. This was done using the Thermal 
Tune of a Bruker multimode f AFM, in which the thermal noise method is 
implemented.   
In the thermal noise method, the AFM cantilever is considered as a har-
monic oscillator fluctuating in response to thermal noise. The total energy of 
such an oscillator with spring constant k and mass m, is the sum of its kinetic 𝐻f and potential energy 𝐻°: Jb, LfT 
𝐻 = 	𝐻f +	𝐻° = 	 °''8 +	U' 𝑘(Δ𝑥)'                             (T.T) 
where Δ𝑥 is the displacement of the oscillator, and p is its momentum. Ac-
cording to the equipartition theorem, the average value of each quadratic 
term in Equation T.T is given by fno' . Thus, the second term can be written as:  
< U' 𝑘(Δ𝑥)' >	= fno' 											⟹ 											𝑘 = 	 fnoÀ(ÁO)'Â                 (T.c) 
This implies that the spring constant k can be estimated by measuring the 
deflection of the freely moving cantilever in air far from the surface.   
In practice, the deflection sensitivity (nm/V) is obtained from a cantile-
ver deflection measurement on a clean hard surface. The cantilever is moved 
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away from the surface and the cantilever deflection is recorded for a period 
of time. The cantilever deflection versus time data is then Fourier trans-
formed to obtain the power spectral density, which is a plot of Δ𝑥' versus 
frequency (kHz). The power spectral density will show a peak at the reso-
nance frequency of the cantilever. This peak is fitted with a Lorentzian curve 
after subtracting background noise. The integral of the power spectrum ap-
proximately equals the total value of < (Δ𝑥)' >,Lfd  and thus, from the area 
under a fit to the Lorentzian curve the spring constant k can be estimated.  
In this work, rectangular silicon nitride cantilevers (CSG LK supplied by 
ND-MDT) were used for force measurement. Once the spring constant of the 
cantilever was measured by the thermal noise method, a colloid probe was 
attached to the tip of the cantilever. When a colloid probe is attached, the 
spring constant of the cantilever changes and thus a correction to the value 
is required. The details of colloid probe production and the spring constant 
correction are described in the next section.  
T.J.T Colloid probe AFM 
The AFM force measurement performed in this work employed the colloid 
probe technique developed by Ducker et al.LdM and Butt LfM. In this method 
the force between a flat surface and a spherical surface is measured. Here, 
the spherical surface is prepared by attaching a L- LK 𝜇𝑚	sized sphere to the 
tip of a cantilever.  
In this work, borosilicate spheres with radius LK ± K.L µm that were 
coated with hafnia using ALD were attached to the rectangular cantilever 
(CSG LK supplied by ND-MDT) whose spring constant had been determined.  
The production setup consists of a microscope, a hot plate, and a three-
way stage manipulator. The heat setting glue (Epikote LKKc resin, Shell) and 
the hafnia spheres were placed on a clean glass slide with a couple of centi-
meters separation. The glass slide was then placed on a hot plate to melt the 
glue. A cantilever was clamped on the three-way stage manipulator.  The 
clamping was arranged so that the tip of the cantilever was facing toward the 
glass slide.  
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The attachment was done by firstly gently pressing the tip of the canti-
lever to a small amount of melted glue. Excess glue on the cantilever tip was 
removed by tapping the tip against the glass slide surface using the xyz stage. 
The glue on the tip is then used to pick up a hafnia sphere. The colloid probe 
was left to cool to room temperature before they were used for force meas-
urement. 
T.J.c Off-end loading correction  
The change in spring constant due to the colloid probe attachment was cor-
rected using the off-end loading method developed by Sader and cowork-
ers.Lff In the case of a rectangular cantilever, the spring constant of a colloid 
probe k is related to the end tip spring constant 𝑘Å  by:  
𝑘 = 	𝑘Å <<Q	∆< Z                                          (T.b)  
where L is the length of the cantilever and ∆𝐿 is the distance from the end of 
the cantilever to the center of the colloid probe. Note that 𝑘Å  is the end tip 
spring constant measured using the thermal tune method as described ear-
lier. L and ∆𝐿 were measured from an image of the colloid probe taken by 
SEM as described earlier. Once the spring constant of colloid probe k is esti-
mated, it can be used in the Equation T.L to calculate the force.         
T.J.b AFM force measurement between ALD prepared surfaces   
The interactions between the ALD prepared flat and the spherical hafnia sur-
faces were measured using a Digital Instruments Multimode Nanoscope III 
AFM, equipped with a low noise head. 
Milli-Q water was used in the preparation of all solutions. All glassware 
was cleaned by soaking in LK w/w % NaOH for LK min and then rinsing with 
large amounts of Milli-Q water. In order to remove organic contaminants, 
NaCl was roasted at cKK °C for at least LJ h prior to use. The pH of aqueous 
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NaCl solutions was adjusted by the addition of either HCl or NaOH to the 
solution. To remove surface active contaminants,Lfg NaCl solutions were 
bubbled with high purity nitrogen gas immediately before injection into the 
AFM fluid cell.  
Forces were measured in K.KL and K.KKL M NaCl solutions at a range of 
pH using an AFM fluid cell.  
T.J.d AFM force data analysis  
The raw data of the cantilever deflection versus piezo movement was con-
verted to the normalized force, F/radius (colloid probe), versus sample sep-
aration by the method described in the literature.Jg The data were then fitted 
using DLVO theory by solving the nonlinear Poisson-Boltzmann equation 
using in house softwarecg in accordance with the algorithm described by 
Chan et al.gf  
In Chapter c, Lifshitz theory was employed to calculate a non-retarded 
Hamaker constant for hafnia (hafnia-water-hafnia). We justified the use of 
the nonretarded Hamaker constant (See Appendix-A §A.J.L) by comparing 
against the distance-dependent retarded Hamaker coefficient of the multi-
layered structure (silicon/silica/titania/hafnia).fT At the separations of inter-
est, the retarded Hamaker coefficient loses less than M% of the value of the 
non-retarded constant. 
In Chapter b and d, the retarded Hamaker coefficient was used for the 
hafnia surface with adsorbed citric acid (See Appendix-A §A.J.J) and the 
hafnia surface with a monolayer of palmitic acid (See Appendix-A §A.J.T).  
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T.T  SURFACE CHARACTERIZATION  
T.T.L X-Ray Reflectivity (XRR) 
In order to calculate the van der Waals force of a multilayered structure, it is 
crucial to measure the thickness of the layers that compose the surface. In 
this thesis, X-ray reflectivity (XRR) was used to estimate the thickness of the 
ALD deposited films. X-ray reflectivity measurement is a powerful tech-
nique for characterizing surfaces, thin films and multilayers.LgK-LgL The thick-
nesses, density of individual layers, and surface roughness can be obtained 
by analyzing experimental reflectivity curves using the Fresnel formalism of 
optical reflection and refraction.LgJ  
In an X-ray reflectivity measurement, a well-collimated monochromatic 
beam of X-rays is directed at a surface at grazing angles (𝜃) as illustrated in 
Figure T.b. The intensity of the reflectivity (R) is measured as a function of 
 
 
 
 
Figure T.b: Schematic of the reflection of X-rays at from a surface with the grazing angle (𝜃) 
and the reflected angle (𝜃). k(in) and k(out) are the wave vector of the incoming 
and the outgoing X-rays, respectively. In a reflectometry experiment, the inten-
sity of the outgoing (reflected) beam is presented as a function of the momentum 
change perpendicular to the surface, Q.  
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the angle of incident. The important variable, however, is the momentum 
change perpendicular to the surface, Q. It is related to the reflected angle (𝜃) 
and wavelength (𝜆) of the X-ray:LgL   
𝑄 = wV	¥¦§	(Ç)È                                         (T.d) 
An important concept in small angle (i.e. low Q) experiment is scattering 
length density (SLD). It is a measure of the scattering power of a material. 
The SLD of a material for X-rays is:LKb  
 𝑆𝐿𝐷 = 	𝑎5 𝑁e𝑧ee                                 (T.M) 
                                        
where 𝑎5 is the scattering length of an electron for X-rays (𝑎5= J.fb ×U`QÍ Å), 𝑁e is the number density of each atom type, and 𝑧e is the atomic number. As 
X-rays are scattered by electrons, the measured X-ray reflectivity depends on 
the variation in the SLD profile perpendicular to the interface.LgT  
The measured reflectivity data are compared are fitted using the Fresnel 
formalism to determine the density profile of the surface, which can be then 
used to determine the thickness and SLD of each layer. Real interfaces are 
not perfectly sharp, therefore the data fitting also requires the inclusion of 
roughness of the interfaces which is usually assumed to be GaussianLKJ.  
Figure T.d shows a calculated X-ray reflectivity curve of a hafnia film 
deposited on a Si substrate. At grazing angles (low	Q) below a critical angle, 
X-rays undergo total internal reflection. In other words, the incident X-rays 
do not penetrate into the material and the reflectivity remains at the maxi-
mum values. At high Q, where the grazing angle increases beyond the critical 
angle, X-ray reflectivity decreases as the X-rays penetrate into the material 
by refraction. Interference occurs due to the X-rays reflected from an inter-
face within the sample, and thus the reflectivity profile shows oscillations as 
shown in Figure T.d. The oscillation depends on the film thickness  
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Figure T.d: A calculated X-ray reflectivity curve showing the reflectivity as a function of 
the scattering vector (Q) for two Hafnia films of different thickness on a silicon 
substrate showing the oscillations caused by X-ray interference. The oscillation 
depends on the film thickness. The thicker the film, the shorter the period of the 
oscillations. 
 
 
Figure T.M: A calculated X-ray reflectivity curve showing the reflectivity of a Hafnia film 
on a silicon substrate with two different values of surface roughness. The X-ray 
reflectivity decreases more rapidly with larger surface roughness and the oscil-
lations are less distinct. The hafnia film is modelled as JK nm thick. 
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and the SLD. The period of the oscillations becomes shorter as the film thick-
ness increases.Lgc  
An example of the effect of surface roughness on an X-ray reflectivity 
curve is shown in Figure T.M. It indicates that when the surface roughness 
increases the X-ray reflectivity decreases more rapidly. Figure T.M also shows 
that the amplitude of the oscillation is less distinct with increasing surface 
roughness.  
In this thesis, the thickness, SLD, and surface roughness of the hafnia 
layer and the titania sublayer were determined from the X-ray reflectivity 
obtained using a PANalytical X’Pert Pro diffractometer XRR and the data 
was analyzed using Motofit softwareLgT.  
T.T.J Zeta potential 
The magnitude of the electric potential at the surface of the colloidal particles, 
commonly known as the surface potential (𝜓`), is crucial in determining the 
stability of colloidal solutions. Therefore, in colloid science, it is very im-
portant to obtain an estimate of the surface potential (𝜓`) as a function of pH 
and electrolyte concentration.c 
One of the most convenient methods for studying charged surfaces is 
zeta potential measurement. Zeta potential (𝜓z)Lgb is the difference in electric 
potential between the dispersion medium and the stationary layer of fluid 
attached to the dispersed particle. The magnitude of zeta potential is slightly 
lower than that of the surface potential (𝜓`), as the plane on which the zeta 
potential is defined and measured is offset into solution from the surface of 
the charged particle (See Figure J.L) Zeta potential is experimentally accessi-
ble and can be used as an indicator of stability of colloidal solutions as it is 
closely associated with the surface potential.Lgb A high zeta potential indi-
cates a highly stable colloidal system, whereas low zeta potentials are char-
acteristics of less stable systems. At a particular pH, known as the isoelectric 
point (iep)fc-fb, the net surface charge of the particles is zero, and the colloid 
system becomes very unstable leading to flocculation.  
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Zeta potential is often measured using the laser Doppler electrophoresis 
technique. In electrophoresis,c, Lgd an electric field is applied to the solution in 
which the charged, colloidal particles are immersed. The charged particles 
will move at some velocity under the influence of the applied electric field. 
The frequency of a laser beam changes when it is scattered by the sample 
particles undergoing electrophoresis. The frequency shift is related to the 
electromobility (𝜇) of a colloidLgd, which is the particle velocity (u) divided 
by the applied electric field (E). By measuring the electromobility of a colloid, 
one can estimate the zeta potential (𝜓z) of the sample using the following 
equation:c  
𝜓z = 	 ÎÏi`9                                                 (T.f) 
Here the 𝜂 is the viscosity of the medium, 𝜀` is the permittivity of free space, 
and D is the static dielectric constant of the medium. Equation T.f is called 
the Smoluchowski equation and can be used for relatively large colloidal 
particles, where the particle radius is much larger than the Debye length.  
In this thesis, the surface zeta potential and the isoelectric point (iep) of 
the ALD hafnia flat surfaces presented in Chapter c were determined using 
a Zetasizer Nano ZS (Malvern Instruments, U.K.) with the zeta potential pla-
nar cell along with zirconia particles as tracer particlesLgM. In this method, the 
electromobility of the tracer particles is measured at varying distances from 
the flat surface. The magnitude of the particles mobility and the electro-os-
mosis generated by the planar surface can be used to calculate the zeta po-
tential at the flat surface.LgM 
The zeta potentials of hafnia powder (gg.gb% pure) supplied by Mate-
rion (H-LKLL) in the absence or in the presence of citric acid and palmitic acid 
were measured using a Zetasizer Nano ZS (Malvern Instruments, U.K.) with 
the folded capillary cell. The measurements were carried out in K.KKL M NaCl. 
The pH was adjusted using HCl and NaOH solutions. 
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T.T.T SEM imaging  
The radius of the colloid probe attached to the AFM cantilever was deter-
mined using a Zeiss UltraPlus analytical Field Emission Scanning Electron 
Microscope (FESEM)Lgf at the ANU Centre for Advance Microscopy. The 
knowledge of the radius of the colloid probe is required as the forces are 
presented normalized by the radius and is important in applying the Der-
jaguin approximation when comparing measured forces to theory.  
The average diameter of the sphere was determined from three meas-
urements offset by ~ dK degrees and average diameter used to determine the 
radius. One of the SEM images of the spheres that are attached to cantilevers 
used in this thesis is shown in Figure T.f.  
 
 
Figure T.f: A FESEM image of a colloid attached to the tip of a rectangular cantilever using 
the glue (Epikote LKKc resin, Shell). 
 
 
bc              Chapter T.  EXPERIMENTAL METHODOLOGY  
 
T.T.c AFM imaging  
The rms roughness of the hafnia surfaces was determined from an AFM im-
age (LKKK nm × LKKK nm), obtained using a Bruker multimode f AFM in 
ScanAsyst mode, using a Bruker SNL-LK or a Bruker ScanAsyst-Air cantile-
ver. ScanAsyst mode uses PeakForceTM tapping mechanismLgg that the AFM 
manufacturer Bruker (CA, USA) developed. PeakForceTM mode was de-
signed to have an oscillating system that combines the benefits of contact and 
tapping mode imaging: direct force control and avoidance of damaging lat-
eral forces.  
The roughness of the spherical surface was measured by employing the 
AFM reverse imaging technique,JKK whereby images of the colloid probe sur-
face are obtained when it is used to image a surface consisting of sharp spikes 
(TGTKL from NT-MDT). 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
ROUGHNESS EFFECT ON THE SURFACE FORCE 
BETWEEN HAFNIA SURFACES 
 
This chapter is reproduced with minor changes and with permission from Ref. JKL :  
Eom N, Parsons D. F., Craig V. S. J., “Roughness in Surface Force Meas-
urements: Extension of DLVO Theory to Describe the Forces between Hafnia 
Surfaces”, J. Phys. Chem. B, 'G&,, NPN, dccJ-dcbT. Copyright JKLM American 
Chemical Society.  
c .L  INTRODUCTION  
 
easured interaction forces between solid surfaces often show 
deviations from the DLVO theory (See §J.c) at small separa-
tions. Although agreement between DLVO theory and experi-
mental data at short range was found between mica surfaces, the theory has 
failed to describe the force measured between silica,Jg and zirconiaTM. A re-
cent report by Walsh et al.cg also revealed that the measured surface forces 
between the atomic layer deposition (ALD) prepared titania were repulsive 
at small separations at pH values remote from the isoelectric point (iep). In 
all three measurements, the absence of an attraction at small separations im-
plied that an additional non-DLVO repulsive force was operating at small 
separations. 
M 
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The additional repulsive force between silica surfaces has generally 
been attributed to a hydration force (See §J.d.L). Unlike silica, however, in 
the case of titania, hydration forces are of insufficient range to explain the 
experimental data.cg, bT According to DLVO theory, the interaction at small 
separations should be dominated by the attractive van der Waals force, 
which is large due to the high dielectric constant of titania.  In that sense, the 
interaction between titania surfaces reported by Walsh et al.cg, bTcontradicts 
DLVO theory. 
In order to ascertain whether this unexplained phenomenon is peculiar 
to titania or occurs rather generally I aimed to investigate other mineral ox-
ide surfaces. For this goal, I have chosen hafnium oxide, also known as haf-
nia. Hafnia has a high dielectric constant and therefore the dispersion forces 
should dominate at small separations, however, our preliminary work indi-
cates this is not the case.JKJ  
This chapter reports the force measured between the hafnia surfaces 
prepared using atomic layer deposition (ALD). These surfaces are firstly 
characterized to determine roughness, thickness and the surface charging 
properties. The surface force was measured across a range of pH and at dif-
ferent electrolyte concentrations using atomic force microscope (AFM) and 
the force data were analyzed using DLVO theory incorporating new meth-
ods for accounting for the influence of roughness.JKT  
c .J  RESULTS AND DISCUSSION 
c.J.L Surface characterization  
The roughness of the ALD prepared hafnia surface was determined from 
AFM image over an area of cKKK nm × cKKK nm (Figure c.L). It revealed that 
the roughness of the flat hafnia surface is K.bc nm rms, which is c% of the 
film thickness. The roughness of the spherical surface measured by employ-
ing the AFM reverse imaging methodJKK is found to be K.cM nm rms.   
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Figure c.L: Atomic Force Microscope (AFM) image of a hafnia surface produced using atomic 
layer deposition (ALD). The substrate is a silicon wafer coated with a Tf.K nm 
thick film of titania followed by a LJ.M nm thick layer of hafnia. The rms surface 
roughness over an area of cKKK nm × cKKK nm was determined to be K.bc nm rms 
with a peak to peak roughness of b.cd nm. 
 
In order for the interaction forces between the hafnia layers to be repre-
sentative of bulk hafnia, the layer would ideally be > cK nm in thickness, 
however depositing films this thick by ALD increases the surface roughness. 
On the other hand when the film is thin, the substrate influences the disper-
sion forces at small separations. In particular, using silicon substrates can 
lead to a large reduction in the magnitude of the dispersion forces. Therefore, 
titania was deposited as a sub-layer as described in Chapter T.  This layered 
film has dispersion forces similar to that of bulk hafnia with hafnia surface 
chemistry.   
It is well known that ALD prepared surfaces can retain carbon impuri-
ties.cc, JKc The surface composition of ALD titania that was prepared under the 
deposition condition as the ones used in this work was previously ana-
lyzed.bT Those X-ray photoelectron spectroscopy (XPS) results revealed that 
the amount of impurities such as carbon and OH- were negligible. Due to the 
similarity in deposition methods we assume the influence of carbon impurity 
on the hafnia surfaces would be negligible as well.  
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The thickness of the hafnia and titania underlayer was determined to be 
LJ.MK ± K.Kb nm and Tf.K ± K.Kb nm respectively by analysing the X-ray reflec-
tivity versus the scattering vector (Figure c.J). This revealed that the growth 
rate of the hafnia film was K.Kg nm/ cycle at JbK °C. Note that the growth rate 
is affected by the deposition temperature, being higher at lower tempera-
tures.LMg A scattering length density of b.Mg ± K.KJ × U`QÍ	ÅQ' was used for 
hafnia.  
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Figure c.J: X-ray reflectivity (XRR) plot for a flat surface (Silicon wafer/titania/hafnia) 
equivalent to those used in the force measurements showing the log of inten-
sity versus the scattering vector, 𝑄 = w𝜋 sin 𝜃/𝜆. Titania underlayer without 
the hafnia film was first analysed by XRR (top), and then using the XRR fit-
ting parameters for titania the hafnia layer was analysed (bottom). The thick-
ness of the titania layer and hafnia film was Tf.K ± K.Kb nm and LJ.MK ± K.Kb 
nm, respectively. The data were fitted using a roughness of K.MJ ± K.KL nm 
and a scattering length density of b.Mg ± K.KJ × LK-b Å-J for the hafnia and a 
scattering length density of J.fM ± K.KT × LK-b Å-J for the titania underlayer. 
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The density of the ALD hafnia was determined to be f.Md g/cmZ which 
is gL % of that of bulk hafniaJKb. The rms roughness of the hafnia surface was 
determined to be K.MJ nm from the X-ray reflectivity analysis, which is higher 
than the roughness obtained from AFM imaging. This can be explained by 
underestimation of the roughness obtained by AFM due to convolution of 
the image with the finite tip radius of the cantilevers used.JKd 
The charging behavior of the ALD hafnia surface as a function of pH 
can be determined from the zeta potential. The zeta potential was deter-
mined on a flat hafnia surface, as shown in Figure c.T, by measurement of 
the surface zeta potential. The hafnia surface was positively charged at pH 
lower than c.L and negatively charged at pH greater than b.J.  Thus the iso-
electric point (iep) was found to be approximately at pH c.b. The iep of hafnia 
particles supplied by Materion (H-LKLL) was also investigated and found to 
be at pH b.L, in agreement with the ALD hafnia surface.  
 
 
Figure c.T: Zeta potential as a function of pH in K.KKL	M NaCl for a flat ALD hafnia surface 
and for hafnia particles supplied by Materion (H-LKLL) compared to the surface 
potential determined by analysing the surface force measured between ALD 
hafnia 
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The surface potential determined by analysing the surface force meas-
urements, which is reported in a coming section (§c.J.b), is also shown in 
Figure c.T for comparison. It indicates that the isoelectric point occurs at ap-
proximately pH b. The magnitude of the zeta potential is less than the actual 
surface potential as the zeta potential is measured at the slip plane. 
c.J.J Surface force measurement between ALD hafnia surfaces 
Surface forces between ALD hafnia surfaces were measured in K.KKL M and 
K.KL M of NaCl solution using an atomic force microscope (AFM) and are 
shown in Figure c.c and Figure c.b, respectively. Measured forces are 
strongly pH dependent. At pH g.M, the force is repulsive both during ap-
proach and upon separation. The magnitude of the repulsive force decreases 
slightly when the pH is reduced to M.J. As the pH is further decreased to b.K 
and c.f, the force becomes attractive. However, when the pH is reduced to 
J.d, the force becomes repulsive again. This strong pH dependency of the 
force curve is attributed to the pH dependency of the surface potential.  The 
isoelectric point (iep) of hafnia was determined to be approximately pH b by 
zeta potential measurement in the previous section. At the iep of hafnia, the 
surfaces are neutrally charged and hence the electric double-layer force is 
minimized leaving the attractive van der Waals force as the dominant force. 
At pH c.f and pH b.K which are close to the iep, attractive forces are observed.  
At pH remote from the iep, significant surface potentials are expected to 
give rise to the electric double-layer repulsive force. This explains the repul-
sive force measured at pH g.M, M.J, and J.d. The zeta potential results also 
showed that the surface potential is more negative at pH g.M than pH M.J. 
This is evident in the measured force, in that the force is more repulsive at 
pH g.M than at pH M.J. The same trend of the force dependency on the solu-
tion pH observed in K.KKLM of NaCl is seen in K.KL M of NaCl (Figure c.b). 
What is significant in all these measurements is that at pH values remote 
from the iep, the dispersion forces do not dominate the electric repulsive 
double layer force at small separations as expected within the DLVO para-
digm. 
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Figure c.c: Surface force normalised by probe radius versus separation distance on 
approach (top) and retraction (bottom) between ALD hafnia surfaces in the 
presence of  K.KKL M NaCl in a range of pH.  
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Figure c.b: Normalized surface force versus separation distance on approach (top) and 
retraction (bottom) between ALD hafnia surfaces in the presence of K.KL M 
NaCl in a range of pH.                            
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c.J.T DLVO fitting  
When the solution pH is adjusted close to the isoelectric point (iep), the elec-
tric repulsion between the surfaces is minimized, revealing an attractive 
force (see Figure c.d). The nature of this attractive force is analyzed and dis-
cussed in the later section (§c.J.M). Here it is presented merely to highlight 
the presence of a strong attraction around the iep, in order to highlight its 
absence at pH values remote from the iep. 
The measured force in K.KL M and K.KKL M NaCl at approximately pH M 
which is higher than the iep, is shown in Figure c.M. The interaction agrees 
with the DLVO theory at larger separations but this is not the case at small 
separations, as the interaction remains repulsive up until contact. This does 
not agree with the DLVO theory, which predicts that at small separations, 
the attractive van der Waals force overcomes the electric repulsion. Interac-
tion forces of a similar nature have previously been seen between silica sur-
faces.Jf-Jg In both cases it appears as though the short-range van der Waals 
attraction is absent. For silica it was argued that the attractive van der Waals 
force is overcome by short-range repulsive forces due to surface hydration.Jg 
However, the same argument cannot be applied to hafnia, as the van der 
Waals attraction is approximately f times larger between hafnia surfaces and 
therefore the dispersion force should be evident at separations far beyond 
the range of the hydration force which has a decay length of approximately 
K.T nm.  The same monotonically repulsive force has been reported between 
titania surfacescg, bT, JKJ-JKT. Hence, the measured forces differ from DLVO the-
ory in that the dispersion forces do not dominate the electric repulsion at 
small separations, at pH values remote from the iep in a number of systems. 
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Figure c.d: The measured force at pH c.f in the presence of K.KLM (top) and K.KKL M NaCl 
(bottom) compared to the calculated dispersion forces using a Hamaker con-
stant of bd zJ. The measured forces were significantly less attractive than the 
calculated dispersion force at separations smaller than LK nm.  
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Figure c.M:  Normalised surface forces measured between ALD prepared hafnia surfaces 
in the presence of K.KL M and K.KKL M NaCl at pH ~ M. Only the approach data 
are shown, as the retraction force curves were identical. The data were fitted 
using conventional DLVO theory by solving the nonlinear Poisson-Boltzmann 
equation using in house software in accordance with the algorithm described 
by Chan et al.gf  A non-retarded Hamaker constant bd zJ was used. The two 
theoretical fits represent the boundary conditions of constant charge (solid 
line) and constant potential (dotted line). The fitting parameters were as fol-
lows. K.KL M: Debye length T.T nm, surface potential -JM.M mV; K.KKLM: Debye 
length g.L nm, surface potential -TK.L mV. 
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c.J.c DLVO fitting, including the hydration force  
The absence of a short-range attraction in measurements between hydro-
philic silica surfaces has been justified as being due to the presence of an 
exponentially decaying repulsive hydration force that dominates the van der 
Waals attraction at short range.ML The ALD hafnia surfaces used here were 
water plasma cleaned immediately before force measurements were made. 
The contact angle decreased to less than LK° following this cleaning proce-
dure. As the surfaces were very hydrophilic, we would also expect a hydra-
tion force to be present. Therefore, the DLVO theory was extended to include 
a hydration force. The fitting using DLVO theory extended by including hy-
dration repulsion is shown in Figure c.f. An exponentially decaying hydra-
tion forceLLb  with amplitude of JK N/m and decay length K.T nm was used as 
shown in Equation c.L.  
 Ò¸ = '` ∙ eQO `.Z	=8 		N/m                                (c.L) 
The extended DLVO interaction for the attractive force measured at pH 
c.f becomes less attractive when the hydration force is added. However, the 
addition of the hydration force is insufficient to bring the calculated theoret-
ical force into agreement with the experimental data at separations between 
T~f nm. In order to achieve reasonable fits the hydration prefactor had to be 
increased to values greater than LKKK N/m (See Appendix-D). This is far 
greater than expected for any known hydration force. We also note that the 
possibility that the hydration force could be enhanced between water plasma 
treated surfaces has been ruled out as the same non-DLVO repulsive force 
was seen between argon plasma treated surfaces.bT  
It is evident that in all cases the forces measured were more repulsive 
than the calculated DLVO interaction at small separations, even after the hy-
dration force is included. DLVO theory treats the surfaces as perfectly 
smooth, when in practice our surfaces have a small amount of roughness.  
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Figure c.f: Normalised surface forces measured on approach between ALD prepared haf-
nia surfaces in the presence of K.KKL M NaCl. The Hydration force with ampli-
tude of JK N/m was added to the DLVO fitting for the forces measured at pH c.f 
(top) and at pH M.J (bottom) in the presence of K.KKL M NaCl. Both data were 
fitted with Hamaker constant of bd zJ and the parameters were as follows. pH 
c.f: Debye length g.d nm, zero surface potential, pH M.J: Debye length g.c nm, 
surface potential -TT.K mV. 
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Therefore, I have investigated whether the disagreement between the 
experimental data and the theory can be attributed to the non-zero surface 
roughness of our ALD hafnia surfaces. A method of incorporating surface 
roughness into theories of surface forces that takes into account the rough-
end noncontact force and the elastic contact of asperities has been devel-
oped.JKT This model was used to fit our surface force data on hafnia. This is 
presented in the next section. 
c.J.b DLVO fitting, including the influence of surface roughness 
The effect of surface roughness on the DLVO forces has been investigated in 
several theoretical and experimental studies.JKM One approach is to redefine 
the surface plane as the point where asperities make contact, reducing the 
values of an apparent Hamaker constant and surface potential to match.JKf A 
more natural model can be obtained by taking the surface position to be the 
average position of surface heights, with asperity contact added as an ex-
plicit repulsive contribution to the total force. The surface separation is hence 
defined as the distance between the average height of two interacting sur-
faces. The DLVO theory with roughness (DLVO-R)JKT that we have employed 
consists of two chief elements. Firstly, using the probability distribution of 
surface heights, the noncontact (DLVO type) surface force is averaged over 
all the surface elements between all the statistically possible surface separa-
tions. Roughness can be included in the model in two different ways, either 
by incorporation of a histogram of the heights of the surface features or by 
assuming a Gaussian roughness distribution with the magnitude described 
by the rms roughness. The latter is employed here.  
The DLVO-R theory was used to fit the same experimental data pre-
sented in the previous sections. This is shown in Figure c.g (K.KLM NaCl) and 
Figure c.LK (K.KKLM NaCl). The presence of asperities on the surface leads to 
a shift in the surface contact outwards, so that the surfaces remain separated 
relative to the average positions of the interfaces, even at the highest contact 
forces employed. This is because after the highest asperities make contact 
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they only deform a little under the loads applied in a typical AFM experi-
ment. The magnitude of this effect increases as the surface roughness in-
creases.  
The first column in Figure c.g shows the experimental force data meas-
ured in K.KL M NaCl at a range of pH fitted with extended DLVO-R theory 
with rms roughness of K.bc nm (flat surface) and K.cM nm (spherical surface). 
These roughness values were obtained from AFM images. All the data were 
fitted with a hydration force with amplitude of JK N/m and decay length K.T 
nm, a surface stiffness described by a Young’s Modulus of bM GPa for haf-
nia,JKg and asperity tip curvature R = c nm. It is noteworthy that although it 
is not taken into account here, the hydration force would be attenuated by 
the surface roughness as the structure of water ordering is disrupted by 
roughness.JKT The effect of including roughness in the extended DLVO theory 
at all pH is to make the interaction more repulsive at small separations. At 
pH values remote from the iep, that is, at pH J.f, pH M.L, and pH g.T, the 
extended DLVO-R theory fits the data reasonably well at all separations. The 
decrease in the repulsion at separations of T~f nm that was still evident when 
only the hydration force was added to the DLVO theory has been smoothed 
out here. This effect of surface roughness agrees with the result previously 
reported on the force between mica and electrochemically roughened gold 
surfaces measured by Surface Forces Apparatus (SFA).JLK At pH values close 
to the iep, that is, at pH c.f and pH b.T, the extended DLVO-R theory is also 
less attractive at small separations and therefore fits the data better, but the 
agreement is limited.  
As mentioned in the previous section, X-Ray Reflectivity measurements 
reported an rms roughness value greater than that obtained by AFM of K.MJ 
nm. This roughness value was also used to fit the same data and is shown in 
the middle column of Figure c.g and Figure c.LK. It is evident that this higher 
roughness value fits the data better, especially for the attractive force meas-
ured around the iep. As mentioned earlier, the roughness (K.bc nm and K.cM 
nm) measured by AFM is underestimated due to the finite tip radius of the 
cantilever used in the AFM imaging. Whilst using the XRR roughness value 
improves the agreement between DLVO-R and the experimental data the fit  
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Figure c.g: The DLVO theory extended to include hydration and roughness fitted against experimental force 
data between two hafnia surfaces in K.KL M NaCl at a range of pH.  Three roughness values of K.bc 
nm and K.cM nm (left), K.MJ nm (middle), and L.J nm (right) for the flat surface were used. All the 
data were fitted with a hydration force with amplitude of JK N/m and decay length of K.T nm, 
Young’s Modulus of bM GPa, and asperity tip curvature R = c nm. See Appendix-B for enlarged 
figures. 
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Figure c.LK: The DLVO theory extended to include hydration and roughness fitted against experimental 
force data between two hafnia surfaces in K.KKL M NaCl at a range of pH.  Three roughness 
values of K.bc nm and K.cM nm(left), K.MJ nm (middle), and L.J nm (right) for the flat surface 
were used. All the data were fitted with a hydration force with amplitude of JK N/m and 
decay length of K.T nm, Young’s Modulus of bM GPa, and asperity tip curvature R = c nm. See 
Appendix-B for enlarged figures. 
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Table c-L: Fitting parameters used in the force curve fitting using DLVO-R. Surface potential 
and Debye length used for three different surface roughness are shown. 
 
 
NaCl 
Concentra-
tion (M) 
pH 
Surface roughness 
(nm) 
Surface 
potential (mV) 
 
Debye  
Length (nm) 
K.KL 
J.f 
K.bc + JM.K  
c.K K.MJ + Jf.K  
L.JK + TT.K  
c.f 
K.bc K  
T.K K.MJ K  
L.JK K  
b.T 
K.bc - JT.J  
T.K K.MJ - JT.J  
L.JK - JJ.L  
M.L 
K.bc - TT.K  
T.M K.MJ - TJ.K  
L.JK - cL.K  
g.T 
K.bc - cd.K  
T.M K.MJ - bK.K  
L.JK - dJ.K  
K.KKL 
J.d 
K.bc + Jd.K  
b.J K.MJ + Jd.K  
L.JK + TK.K  
c.f 
K.bc K  
g.d K.MJ K  
L.JK K  
b.K 
K.bc - LK.M  
g.d K.MJ - f.Tf  
L.JK - b.TT  
M.J 
K.bc - Tc.K  
g.d K.MJ - Tc.K  
L.JK - cK.K  
g.M 
K.bc - cc.K  
f.K K.MJ - cT.K  
L.JK - bK.K  
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is not ideal around the iep. We therefore investigated if a higher value for the 
rms surface roughness could give an improved fit to the data.  
Using a roughness value of L.JK nm, both the constant charge and con-
stant potential DLVO-R theory fit the data very well at all pH values investi-
gated both in K.KL M NaCl and K.KKL M NaCl as shown in the third column 
of Figure c.g and Figure c.LK. It is notable that all the data measured in this 
study can be fit with this one single value of surface roughness. The rough-
ness value used in the theory is greater than that measured experimentally, 
this is most likely due to the surface features not following a Gaussian dis-
tribution. In that case, a histogram of the surface roughness could be used in 
the DLVO-R theory instead of rms roughness. This approach incorporates 
more information on the roughness and therefore promises to be more accu-
rate. 
The fitting parameters including surface potential and Debye length for 
all the force curves presented in Figure c.g and Figure c.LK are shown in Table 
c-L. The Debye length was set at a fixed value for three different values of the 
surface roughness in the extended DLVO-R theory whilst the surface poten-
tial was adjusted to find the best fit. It was found that for the repulsive force 
data the surface potential was determined to be higher when greater rough-
ness was used. Figure c.LL shows the difference between the surface poten-
tial from the extended DLVO-R theory and that from extended DLVO theory. 
This result shows that the extended DLVO theory without considering sur-
face roughness generally leads to an underestimation of the surface potential.  
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c.J.d The effect of surface roughness on the surface forces  
To date, the agreement between the experimental result and the DLVO the-
ory at short separations has been found only between mica surfaces. The 
double layer repulsive force measured between silica,Jf-Jg  gold,JLL zirconia,TM 
and  titaniacg showed that the force was not overtaken by the van der Waals 
attraction at small separations.  The force measured between smooth hafnia 
surfaces in this study also showed no van der Waals attraction predicted by 
the conventional DLVO theory. However, we demonstrated that the force 
curves were well described by the DLVO-R theory. The effect of surface 
roughness successfully explained the unexpected forces observed in the 
measured data at small separations, which both the DLVO theory and the 
 
 
 
Figure c.LL: Experimentally measured zeta-potential, surface potential determined 
from DLVO theory, and surface potential determined from DLVO-R the-
ory (with three different surface roughness) in K.KKL M NaCl.   
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theoretical calculation of forces between asymmetrically charged surfaces 
failed to predict.  
The force data at pH values far from the iep at first glance appears to be 
just an electric repulsion without any van der Waals attraction. Therefore, 
one might hypothesize that the van der Waals force is either absent or dimin-
ished. To counter such an argument, we have direct evidence for the pres-
ence of a significant van der Waals force at larger separations.  In order to 
confirm the magnitude of the dispersion force, one of our repulsive force 
data sets was fitted with zero Hamaker constant as shown in Figure c.LJ. 
This study shows that the disagreement between experimental measures of 
surface forces and the DLVO theory seen between a range of surfacesJM-Jf, TM, 
cg, JLL-JLJ are due to roughness even for very smooth surfaces. We have shown 
that surface roughness fundamentally changes the nature of the interaction 
at pH values remote from the iep.  The effect of roughness is to reduce or 
remove the primary minimum in the interaction forces between particles as 
the influence of roughness suppresses the influence of the dispersion forces 
at pH values remote from the iep due to repulsive forces arising from asper-
ity contact.  
c.J.M Analysis of the attractive forces between surfaces at pH near the iep 
If the repulsive force observed had been purely electric the curve should 
have been a straight line on this log-linear plot. However, the repulsive force 
is reduced due to the influence of the dispersion forces, described by a 
Hamaker constant of bd zJ. This verifies that the measured attractive forces 
also contain the van der Waals force component.  
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Figure c.LJ: Repulsive force measured at pH J.f in the presence of K.KL M NaCl compared 
to the roughened DLVO theory (rms roughness L.J nm) with Hamaker constant 
of bd zJ (top) and zero dispersion force (bottom).  
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 Interestingly, the attractive forces measured around the iep were found 
to depend on the electrolyte concentration as shown in Figure c.LT. The range 
of the force increased as the electrolyte concentration decreased, suggesting 
that an electric interaction is also present.  
DLVO theory predicts that pure van der Waals force is largely independ-
ent of the electrolyte concentration and the force curve is approximately de-
scribed with a power law. The theoretical van der Waals curve is shown as a 
solid line in Figure c.LT.  The Hamaker constant for the van der Waals forces 
(non-retarded Casimir-Lifshitz force) of the hafnia surfaces investigated in 
this study was calculated to be bd zJ taking into account the thickness of the 
titania underlayer (See Appendix-A §A.J).  A Non-retarded Hamaker con-
stant was used for simplicity in the calculation. Note that the difference be-
tween the non-retarded and retarded Hamaker constant at small separations 
is small for the hafnia surfaces employed in this study (See Appendix-A 
§A.J.L). For example, at separation of JK nm the retarded Hamaker constant 
is bc zJ differing from the non-retarded one by T.M %. As the pH is close to 
 
 
Figure c.LT: Attractive force measured at around pH b in K.KLM, K.KKLM, and K.KKKL M of 
NaCl. The range of the attractive force was dependent on the concentration of 
the electrolyte solution, indicating an electric component in the interaction. The 
pure van der Waals force curve with Hamaker constant of bd zJ is shown (black 
solid line). The Hamaker constant was reduced to cK zJ to fit the force curve 
obtained in the K.KLM NaCl (red solid line). 
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the iep the data were fitted using a surface potential of K mV. Therefore, the 
DLVO calculation becomes just an expression of the van der Waals forces. 
It is possible that our ALD hafnia surface has a smaller Hamaker con-
stant than the calculated value of bd zJ because its mass density that was es-
timated from the X-Ray Reflectivity (XRR) data is g % less than that of bulk 
hafnia. If this is the case, then it should reduce the van der Waals force by the 
same amount. However, in order to fit the attractive force data obtained in 
K.KL M NaCl the Hamaker constant had to be decreased to cK zJ, which is a 
Jg % reduction from the theoretical value of bd zJ. Also, it was not possible 
to fit all the attractive forces measured in different electrolyte concentrations 
with a single Hamaker constant, even if the surface potential was varied. In 
addition, the attractive forces measured in this study were better described 
by an exponential function than a power function.  
c.J.M.L Attractive electric  force 
As there is evidence that there is an electric component to the attraction we 
consider the possibility that the surfaces have oppositely signed charges. 
This may arise near the iep if surface charge densities are slightly different 
for the two surfaces. This would lead to an exponentially decaying electric 
attractive force that would depend on the salt concentration. The attractive 
double layer forces between oppositely charged surfaces have been directly 
measured previously JLT-JLb. 
Parsegian and Gingellgc calculated the pressure between two parallel 
planar surfaces that are asymmetrically charged. When the surface potentials 
are assumed fixed, the electric pressure is written as 
𝑃 𝑥 = 	 w5'=fno 	Q U'H'' H	U'(ÔÕHÔÖÕ)	(ÔÕQÔÖÕ)'                    (c.J)                           
where 𝜓U and 𝜓' are the surface potentials of the two surfaces, e is the ele-
mentary charge, n is the ionic strength of the electrolyte,  𝑘" is the Boltzmann 
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constant, T is the temperature, and κ is the inverse of the Debye length. Equa-
tion c.J was integrated to obtain the interaction energy between two planar 
surfaces, and then the Derjaguin approximationLKc was applied to calculate 
the force between a spherical and a flat surface (Figure c.LT). The constant 
potential expression of Equation c.J is used here to illustrate the point of an 
asymmetric electric contribution at the isoelectric point. A more detailed 
analysis of the low concentration behaviour at the iep would invoke asym-
metric constant charge (or charge regulated) conditions.  
The attractive forces measured in K.KKL M and K.KKKL M NaCl were fitted 
using the van der Waals attraction with the addition of the electric double 
layer attraction between surfaces of opposite charge but the same magnitude 
in Figure c.Lc. Figure c.Lc-a shows the fitting without taking into account the 
roughness effect. The potentials of the two surfaces were varied so that they 
were equal in magnitude but opposite signs.  All the data were fitted with 
Hamaker constant of bd zJ, additional hydration force with amplitude of JK 
N/m and decay length of K.T nm, and Young’s Modulus of bM GPa. The theo-
retical force curve seems to explain the electrolyte concentration dependence 
of the measured force curves. The theory agrees with the measured forces in 
that the range of the attractive force increases as the electrolyte concentration 
decreases. Also, it explains the attractive forces measured in K.KKLM and 
K.KKKLM, which were larger than the pure van der Waals attraction.  
 Although, at small separations the theory of electric double layer force 
between asymmetrically charged surfaces predicts much stronger attraction 
than the measured forces.  When the effect of surface roughness was taken 
into account, however, the fit improved significantly as shown in Figure c.Lc-
b. The roughness effect seems to explain the unexpectedly smaller electric 
double layer attraction at small separations.  
The surfaces are produced in the same manner so it would be surprising 
to find that the surface charge varies by the magnitude required. An alterna-
tive explanation is that the charges are not distributed evenly across the sur-
face. However theoretical models for such “patchy charge” interactions sug-
gest that the decay length for such interactions should be half of the usual 
Debye lengthJLd and this does not accord with our observations. Furthermore 
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any net charge diminishes this effectJLM ruling out the possibility that a com-
bination of these effects is operating. The nature of this attractive force is fur-
ther discussed in Chapter d (§ d.T.d).  
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Figure c.Lc: Attractive force measured at around pH b in K.KLM, K.KKLM, and K.KKKL M of 
NaCl. The measured data were fitted using the van der Waals attraction with 
the addition of the electric double layer attraction with(b) and without(a) taking 
into account the roughness effect. All the data were fitted with a Hamaker con-
stant of bd zJ, additional hydration force with amplitude of JK N/m and decay 
length of K.T nm, and Young’s Modulus of bM GPa. rms roughness of L.J nm with 
asperity tip curvature R = c nm was used for the calculation of the roughness 
effect in (b). Asymmetric surface potential and Debye length for each NaCl con-
centration were as follows (for both a and b). K.KKLM: Surface potential L = + LK.J 
mV, Surface potential J = - LK.J mV, Debye length = g.b nm. K.KKKLM: Surface 
potential L = + Lc.b mV, Surface potential J = - Lc.b mV, Debye length = TK.K nm. 
Measured data in K.KL M NaCl was fitted using the van der Waals attraction 
with electric double layer repulsion with surface potential of +JJ.g mV (zero 
roughness), and +Lc.K mV (L.J nm rms).   
c.T  SUMMARY              fT 
 
c.T  SUM M ARY 
 
The interaction forces between hafnia surfaces has been measured at a range 
of pH and salt concentrations. DLVO theory predicts strong primary minima 
that are not observed in experiments. However, the data is well described, 
using DLVO-R theory where the effect of the surface roughness is taken into 
account, using a reasonable value for the rms roughness of L.J nm to describe 
all the experimental data. Notably even surfaces that are extremely smooth 
with a minute level of surface roughness exhibit interaction forces that are 
fundamentally different at small separations when roughness is taken into 
account.  
Importantly this study has demonstrated that roughness needs to be 
considered and accounted for in all measurements of surface forces with the 
exception of molecularly smooth surfaces such as mica. The difference is sig-
nificant as applying DLVO theory infers a very strong primary adhesion at 
pH values remote from the iep, when in fact no adhesion is observed. Thus 
application of the DLVO theory to real surfaces can lead to false conclusions 
on the stability of colloidal dispersions. The observation that near the iep at-
traction is observed in DLVO-R theory indicates that flocculation of disper-
sions is likely to be more effective by adjusting the pH to the iep than a mod-
erate increase in electrolyte concentration at pH values remote from the iep. 
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EFFECT OF CITRIC ACID ON THE SURFACE FORCES 
BETWEEN HAFNIA SURFACES 
 
The work presented in this chapter was done in collaboration with Shuhei Shinohara 
of the Institute for Materials Chemistry and Engineering at the Kyushu University 
of Japan. The optical reflectometry and the atomic force microscope force measure-
ments were carried out by him. My role was to train him to do these measurements 
and analyse and interpret the data.   
 
b .L  INTRODUCTION  
 
tabilization of colloidal particulate systems is required in many in-
dustrial products and manufacturing technologies.JLf-JJK Electric sta-
bilizationJJL-JJJ and steric stabilizationMc, JJT are the two traditional 
mechanisms for colloidal stability. Adding molecules that adsorb to a surface 
is often an efficient way of controlling the stability and rheology of colloidal 
dispersions and nanoparticles. Surface adsorbing molecules will change how 
particles interact not just by altering the electric charge on the surface, but 
also by adopting different conformations at the solid-solution interface.JJc 
The impact of the configuration of adsorbed molecules on the inter-particle 
interaction between colloid particles is widely recognized.JJc-JJd For example, 
S 
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at low molecular weight, polyacrylic acid (PAA) gives rise to a steric repul-
sive interaction whereas at high molecular weight, an attractive mechanism 
is observed due to bridging.JJM-JJf 
Low molecular weight (LMW) carboxylic acids are commonly used as 
particle interaction modifiers as they adsorb readily to metal oxide-aqueous 
and metal-aqueous interfaces. LMW carboxylic acids can be categorized by 
the number of carboxylate groups. This categorization is convenient as the 
affinity for surfaces also follows the number of carboxylate groups, such that 
generally the adsorption follows the trend, monocarboxylate < dicarboxylate 
< tricarboxylate.  
One of the tricarboxylic acids, citric acid (CdHfOM), which occurs natu-
rally in citrus fruitsJJg, has been routinely investigated as a potential stabilizer 
for both minerals processing and ceramics productionJJd, JTK-JTg. Citric acid is 
often used in the production of gold and silver nanoparticles where it can 
perform the roles of reducing agent, size controller and steric stabilizerJcK-JcL. 
The citrate ion also plays a significant role in biology and the environment. 
Citrate controls the crystal habit and is responsible for stabilizing apatite 
nanocrystallites in bone.JcJ  The citrate anion occurs naturally in blood and 
has been used as an anticoagulant to stabilize blood and blood products for 
over LKK years.JcT Citrate ions are also present in soilJcc-Jcb and in the rhizo-
sphereJcc-Jcd at significant concentrations. Furthermore, in fundamental stud-
ies, citrate can be used as a simple model for humic and fulvic acids which 
are important natural chelating agents that influence the stability and disso-
lution of colloids and nanoparticles and thereby influence the transport and 
breakdown of inorganic materials in the environment.JcM-Jcf Importantly ad-
sorption of citric, fulvic and humic acids changes the pH range over which 
particles are stabilized by shifting the isoelectric point to low pH values. 
Thus particles that may be unstable at near neutral pH values may be stabi-
lized by adsorption of citric, humic and fulvic acids. 
The influence on the surface properties of the adsorption of citric acid 
to titanium nanoparticles and the implications for the bioavailability and 
transport of nanoparticles has been investigated by Mudunkotuwa and 
Grassian.JTg In their study, the interaction forces were not directly measured 
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but modeled between spherical, perfectly smooth, particles using a modified 
DLVO theory. Leong LTd, Biggs and co-workersJcg have experimentally meas-
ured the influence of citrate on surface forces via atomic force microscopy 
(AFM) between zirconia surfaces.  They reported an additional repulsive 
force at close separation (~ J nm) and high pH (pH > M) but this was not ap-
parent under acidic conditions. At all pHs studied, they measured a con-
sistent “step” when the surfaces were brought into contact. Although Biggs 
and co-workers conceded that surface roughness may have obscured their 
measured force interactions especially at close separations, they surmised 
that the consistent “step” must be due to the presence of a steric layer on the 
zirconia surfaces due to the absorbed citrate. They concluded that adsorbed 
citrate provided an electrosteric barrier between the zirconia surfaces lead-
ing to a much reduced maximum yield stress as measured in the aforemen-
tioned rheology study.LTd  
Smoothness of the interacting surfaces is a central issue in studying 
forces on a nanoscopic scale, as surface roughness can cloud the interpreta-
tion of surface forces, especially if the surface roughness is of the same order 
as the surface forces. Ultra-smooth silica surfaces are often employed in AFM 
surface force studiesJbK, but as silica is negatively charged even at low pH, 
citrate does not adsorb in significant amounts to silica. A smooth well-char-
acterized stable surface with an isoelectric point sufficiently high to promote 
citrate adsorption is required. The hafnium oxide (hafnia) surfacesJKL pro-
duced by atomic layer deposition (ALD) that I investigated in chapter c are 
a good model substrate, because hafnia has an isoelectric point at ~pH b, and 
the surfaces have very low roughness and have been extensively character-
izedcT, JbL.  
In this chapter, I aim to elucidate how adsorbed citrate influences parti-
cle interactions by directly measuring the surface forces using the colloid 
probe AFM techniqueLdM, LfM. In analyzing the surface forces, the effect of the 
surface roughnessJKT was taken into account. From the surface forces the sta-
bility of the particles in solution as well as the type of particles formed upon 
flocculation can be inferred. This is important in understanding the transport 
of nanoparticles and colloidal materials in the environmentJTg. The general 
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features observed for the hafnia-citrate system are expected to be followed 
by a wide range of mineral oxide surfaces with isoelectric points at near-
neutral pHfc such as titania (iep ~d), zirconia (iep ~b-f), magnetite (iep ~b-f),  
and haematite (iep ~b-g).  
b .J  EXPERIM ENTAL M ETHODS 
b.J.L Optical Reflectometry   
Optical reflectometry (OR) was utilized to measure the amount of citric acid 
adsorbed onto the hafnia surface over a range of pH values, following the 
method of Dijt et alJbJ using a custom built optical reflectometry (OR).JbT-Jbc 
A schematic of the optical reflectometer used is presented in Figure b.L. In 
 
Figure b.L: Schematic of an optical reflectometer. A polarized HaNe laser is reflected 
from the surface of interest and the p and s components of the reflected light 
are measured by a detector. When material is adsorbed on the surface, the 
intensity of the reflected p and s components changes. Using Equation b.L, 
this change in the signal can be converted to adsorbed surface excess. 
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the optical reflectometry (OR), a polarized HeNe laser is reflected from the 
hafnia surface that is immersed in solvent in a fluid cell and the p and s com-
ponents of the reflected light are measured by a detector.  A stable baseline 
is recorded when the sample cell contains only solvent (in this case K.KKL M 
NaCl). Then the citric acid solutions are introduced into the cell. When citric 
acid is adsorbed to the hafnia surface, the intensity of the p and the s polar-
ized reflected light changes. The measured change in the ratio of the p and s 
polarization is related to the surface excess according to: JbJ 
 𝛤 = 	 ØÙÙ`SE                                                (b.L) 
 
where 𝛤 is the adsorbed surface excess, 𝑆` is the baseline ratio of the reflec-
tivities of the p and s components, i.e. 𝑆` = 𝑅°/𝑅6 (usually ~ L), 𝛥𝑆 is the 
change in polarization and 𝐴6 is the sensitivity parameter obtained from the 
optical model. Note that the OR measures the amount of adsorbed material 
at the surface and is insensitive to the conformation of material at the inter-
face.JbJ The customized OR was constructed to maximize temperature stabil-
ity, minimize electronic noise and optimize data acquisition rates.JbT-Jbc An 
example of typical OR data showing adsorption and desorption of citric acid 
to hafnia is shown in Figure b.J . 
In order to calculate the surface excess from optical properties of the 
surface, a sensitivity parameter, 𝐴6, was used to convert changes in the po-
larization of reflected light to a measure of surface excess as indicated in 
Equation b.L. The sensitivity parameter was determined as -K.KcL mJmg-L, by 
using the matrix method of AbelesJbb applied to a five-layered Fresnel model 
of the surface. We took the refractive index value of water, silica, silicon and 
hafnia as L.TTT, L.cd, T.fM and J.LL, respectively for a dTJ.f nm HeNe laser 
used for the measurement. The incident angle of light was fixed at ML degrees. 
The refractive index increment (dn/dc) value of citric acid in the presence LK-
T M NaCl was measured to be K.LLf cmT g-L using an Optilab rEX (Wyatt tech-
nology). The water and silicon layer were treated as semi-infinite and the 
thickness of the SiOJ and hafnia layer were LKM nm and LJ.M nm, respectively. 
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Note that the silicon substrate used for optical reflectometry (OR) measure-
ment was terminated with a LKM nm thick oxide layer to increase the sensi-
tivity of OR measurements. The temperature of the instrument and solutions 
were kept at JT ± K.L ℃.  
b.J.J Solution preparation 
All glassware was cleaned with LK wt% NaOH for LK minutes and rinsed 
with purified water. NaCl was purified by heating at cKK ℃ for f hours. Citric 
acid was purchased from Sigma-Aldrich and used without further purifica-
tion. All solutions were prepared using MilliQ water. For all the experiments, 
the solutions were stored in the same room as the instrument for more than 
 
Figure b.J: An example of typical OR data showing adsorption and desorption of citric 
acid to hafnia surface. LK-L M of citric acid solution is injected into the cell after 
recording the baseline using LK-T M of NaCl for LK min. The equilibrium surface 
excess is obtained before rinsing the cell with the solvent (LK-T M of NaCl) at 
approximately LM min. The cycle is repeated to obtain the average value of the 
surface excess. (Data captured by S. Shinohara) 
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a day prior to the measurement, to ensure that the temperature of the solu-
tions was the same as the instrument.  
b .T  RESULTS AND DISCUSSION 
b.T.L Surface potential 
As an approximate measure of the surface potential the zeta-potential of the 
hafnium oxide surface with and without citric acid in K.KKL M NaCl solution 
is presented in Figure b.T. The isoelectric point (iep) of the hafnia surface was 
found to be around pH b. Note that this zeta potential for the hafnia particles 
supplied by Materion (H-LKLL) is generally in agreement with the surface 
potential reported in Chapter c for the ALD hafnia surfaces (See Figure c.T). 
 
 
Figure b.T: Zeta-potential as a function of pH for hafnia particles in LK-T M NaCl solution 
and in the presence of LK-T M, LK-J M, and LK-L M citric acid in LK-T M NaCl solu-
tion. The surface potentials (open symbols) estimated from the AFM force meas-
urements are also presented for comparison.  The magnitude of the surface po-
tential is slightly greater than the zeta potential as expected, due to the reduction 
in potential between the surface and the slipping plane. 
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When citric acid at concentrations of LK-L M, LK-J M, or LK-TM was added to 
the hafnia suspension, the iep was shifted to pH J. This shift of iep to a lower 
pH implies that the citric acid adsorbed onto the hafnia surface. It is well 
known that the degree of deprotonation of citric acid (pKÝU=T.LT, pKÝ'=c.Md, pKÝZ=d.Tg) depends on the pH of the solution. The relative fraction of citric 
acid species in solution as a function of pH is shown in Figure b.c. At the iep 
of hafnia (pH b), the dominating species of citric acid in solution is the singly 
deprotonated HXJ-. These anions adsorb to the hafnia surface because even 
though the overall surface charge is neutral, there are still positive sites for 
the anions to bind to. The zeta potential of hafnia changed from K mV to 
approximately -bK mV when citric acid was added at this pH.  It is important 
to note that surface speciation of carboxylic acids differs from that in the 
bulkJbd and deprotonation of the adsorbed citrate ion is greater than the so-
lution pKÝ’s indicate.JTg 
Below the iep when the hafnia surface is positively charged, citric acid 
exists mainly in the form of HJX- and HTX in bulk solution. The HJX- species 
 
 
Figure b.c: Relative fraction of citric acid species, where citrate is represented as X, calcu-
lated using dissociation constants: KL= f.L × LK-c, KJ= L.MM × LK-b, KT= T.g × LK-M 
which correspond to pKaU=T.Kg, pKa'=c.Mb, pKaZ=d.cL. 
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is electrically attracted to the hafnia surface. At around pH T, the zeta poten-
tial was approximately +TK mV without citric acid.  However, adsorption of  
citrate led to  charge reversal and  dropped the surface  potential to -TK mV 
when citric acid was added.  Above the iep, the hafnia surface is negatively 
charged which limits the adsorption of the dominating XT- species due to 
electric repulsion. The zeta potential change was relatively small at this high 
pH (f ~ g). It changed from around -cK mV to -dK mV when the citric acid 
was added. This implies that citric acid adsorption to the hafnia surface is 
comparatively small at high pH.  A similar trend was observed by Hidber 
and coworkers.JTf They found that the iep of alumina shifts to lower pH with 
increasing amount of citric acid. The surface potential determined from the 
AFM force measurements (discussed in §b.T.c) is presented as open symbols 
in Figure b.T for comparison. The zeta potentials are lower than the surface 
potentials, as the measurement position of the former is not at the hafnia 
surface but at the shear plane and is therefore reduced by ions in the Stern 
layer and electric screening. The zeta potential highlights an important prop-
erty of citric acid adsorption, which confers stability on colloids in natural 
waters. Adsorption of citric acids shifts the isoelectric point to low pH values 
that are not commonly accessed in the biosphere. Therefore, at near neutral 
pH the colloids with adsorbed citric acid have a significant negative charge, 
which leads to electric stabilization of nanoparticles and colloidal particles, 
preventing flocculation and aiding transportation by flow and diffusion.  
b.T.J Adsorption of citric acid 
The amount of citric acid adsorbed per unit area of hafnia surface as a func-
tion of pH measured using Optical Reflectometry (OR) is shown in Figure 
b.b.  In each case, upon rinsing, the surface excess returned to the baseline, 
this indicates that the citric acid adsorption to hafnia surfaces is reversible 
on the timescale of these measurements. The observed general trend is that 
the adsorbed amount increases with decreasing pH, this is consistent with 
the charging of the surface and the citrate molecule. Above the iep (pH b) the 
negatively charged hafnia surface repels the negatively charged citrate ions. 
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This results in a decreased surface excess of approximately K.Kc mg/mJ at pH 
d and pH f at a citric acid concentration of LK-T M. The presence of some ad-
sorption at high pH agrees with the previous observations that addition of 
citric acid shifts the zeta potential of hafnia to more negative values even at 
high pH (Figure b.T). The surface excess is greater at pH T and pH T.b, (~ K.Kg 
mg m-J). As this is below the iep the hafnia surface is positively charged 
which favors the adsorption of negatively charged citrate ions. This in-
creased level of adsorption, results in a change in sign of the zeta potential 
of hafnia from positive to negative and a shift in the iep to lower pH. 
 
 
 
 
 
Figure b.b: The surface excess of citric acid on hafnia surface over a range of pH in LK-T 
M NaCl solution measured using optical reflectometry (OR). The Sensitivity 
parameter calculated using the dn/dc value of citric acid in NaCl LK-TM so-
lution was -K.KcL mJ mg-L. The concentrations of citric acid were LK-J and LK-
T M. The measurement of the surface excess for LK-L M citric acid was not 
reproducible as at high concentrations mixing processes interfere with the 
performance of the OR instrument. 
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b.T.T Forces between surfaces in the presence of citric acid 
The zeta potentials of hafnia surfaces between pH T and pH g in the presence 
of citric acid range from -TK mV to -dK mV (see Figure b.T) indicating that a 
significant double layer repulsion should be evident between hafnia surfaces 
with adsorbed citric acid over this pH range. The measured forces between 
hafnia surfaces in the presence of LK-L M, LK-J M, and LK-T M citric acid are 
presented in Figure b.d and show that the surface forces exhibit a strong re-
pulsion at all pH values, both when the surfaces were approaching and upon 
separation. That is, no primary minimum is observed and hence no strong 
adhesion in contact was observed upon separation. The absence of a primary 
minimum which might be expected within the DLVO framework due to dis-
persion forces, is attributed to the surface roughnessJKT and steric repulsion 
due to the adsorbed citrateJcg.  As the salt concentration is increased there is 
evidence of a small attraction or secondary minimum at a surface separation 
greater than b nm that is sufficient to cause particle flocculation. This second-
ary minimum, which arises due to the different form of interaction potentials 
associated with the van der Waals attraction and the electrolytic repulsion, is 
discussed further in §b.T.b.  In a previous investigation of citric acid adsorp-
tion onto zirconia surfaces, Biggs et al. reported small steps (f~LJ Å) imme-
diately before the hard contact between zirconia surfaces in the presence of 
citric acid.Jcg However, our results show no such steps at any of the citric acid 
concentrations or pH values examined. The rougher surfaces in the previous 
study may have enabled the citric acid to be displaced at high contact pres-
sures. 
 
 
 
 
 
 
 
 
 
gd              Chapter b.  EFFECT OF CITRIC ACID ON THE SURFACE FORCES BETWEEN HAFNIA SURFACES 
 
A B 
C 
D 
E F 
 
Figure b.d: Force normalized by radius (F/R) versus separation measured on approach (left, Pan-
els A, C, E) and separation (right Panels B, D, F) between hafnia surfaces in the pres-
ence of LK-T M (Panels A & B), LK-J M (Panels C & D), and LK-L M (Panels E & F) of citric 
acid in NaCl LK-TM solution, highlighting the pH effect across different concentrations. 
The range of the force decreases with increasing concentration of citric acid due to a 
decrease in the Debye length. (Data captured by S. Shinohara) 
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b.T.c DLVO fitting, including the effect of roughness  
The force curves shown in Figure b.d were further examined by fitting the 
data using DLVO theory by solving the nonlinear Poisson-Boltzmann equa-
tion in accordance with the algorithm described by Chan et al. (See §J.T.J).gf 
The influence of surface roughness, JKL , JKT that was investigated extensively 
in chapter c, was also included. The hafnia-citrate surface roughness was 
modeled with a gaussian rms roughness of K.bc nm which was determined 
from tapping mode AFM images of the hafnia surface. The Young’s modulus 
of hafnia used was bM GPaJbM. A retarded Hamaker coefficient calculated by 
assuming K.Jb mg/mJ of citric acid using the ‘thin-Rayleigh’ multilayer 
ModelfT was used for the fitting (See Appendix-A §A.J.J).   Note that when 
the surface roughness is taken into account the surfaces never reach a hard 
contact at zero separation.  This is due to the asperities on one surface mak-
ing contact with the asperities on the other surface preventing the surfaces 
coming into zero separation, where the position of each surface is defined at 
the average position of the surface roughness. 
b.T.c.L Surface forces at high pH 
At pH values above the iep of hafnia, the zeta-potential and OR results indi-
cated that the amount of citric acid adsorbed onto the hafnia surface was 
relatively small. The surface forces measured between hafnia surfaces in the 
presence of varying concentrations of citric acid at high pH are shown in 
Figure b.M. The measured forces exhibited a strong repulsion at all concen-
trations of citric acid due to electric repulsion. This is in good agreement with 
the zeta potential of hafnia in citric acid solution, which was around -dK mV 
(Figure b.T). The range of the repulsive force decreased with increasing citric 
acid concentration due to the decreasing Debye length.  
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Figure b.M: F/R versus separation measured on approach between hafnia surfaces in the 
presence of citric acid at high pH. The citric acid concentrations were LK-TM (cir-
cle), LK-JM (triangle) and LK-LM (square). The two theoretical fits represent the 
boundary conditions of constant charge (solid line) and constant potential (dot-
ted line). The fitting parameters used were: (LK-L M) κ-L = L.T nm, ΨK= -Mg.K mV; 
(LK-J M) κ-L = J.f nm, ΨK= -dL.M mV; (LK-T M) κ-L = c.f nm, ΨK= -dg.T mV 
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b.T.c.J Surfaces forces at circumneutral pH 
At pH b.K, which is near the iep of the substrate, the surface charge of hafnia 
is neutral and HXJ- is the dominating citric acid species in bulk solution (Fig-
ure b.c). Adsorption led to a change in the zeta potential of hafnia from K mV 
to -bK mV when citric acid was added at pH b (Figure b.T). There are rela-
tively more positive sites for citrate binding on the hafnia surface at this pH 
than at higher pH, therefore, slightly more adsorption of citric acid was ob-
served. The surface forces measured between hafnia surfaces in the presence 
of varying concentrations of citric acid at pH ~b are shown in Figure b.f. The 
measured forces exhibited a strong repulsion at all concentrations of citric 
acid due to electric repulsion as expected by the large magnitude of the zeta 
 
Figure b.f: F/R versus separation measured on approach between hafnia surfaces in the 
presence of citric acid at pH b. The citric acid concentrations were LK-TM (circle), 
LK-JM (triangle) and LK-LM (square). The two theoretical fits represent the bound-
ary conditions of constant charge (solid line) and constant potential (dotted 
line). The fitting parameters used were: (LK-L M) κ-L = L.M nm, ΨK= -MT.K mV; (LK-J 
M) κ-L = T.L nm, ΨK= -bb.d mV; (LK-T M) κ-L = b.J nm, ΨK= -df.d mV 
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potential. Notably in the absence of citric acid, as presented in chapter c (Fig-
ure c.LK and Table c-L), the surface potential is near zero and the electric in-
teraction is negligible ensuring that the attractive van der Waals forces dom-
inate.JKL Thus particles in the absence of citric would flocculate readily, 
whereas in the presence of citric acid they are stable in solutions of low to 
moderate salt concentration.  The influence of electrolyte concentration on 
the secondary minima is discussed in the later section (§b.T.b.J). 
b.T.c.T Surface forces at low pH  
Optical Reflectometry (OR) showed that the amount of citric acid adsorbed 
onto hafnia was approximately K.Kg mg/mJ when the citric acid concentra-
tion was LK-T M at pH ~T. At the same pH, the zeta potential of hafnia in the 
presence of citric acid was around -TK mV. The surface forces measured at 
this pH is consistent with the optical reflectometry (OR) and zeta potential 
data, in that a strong electric repulsion is observed at all concentrations of 
citric acid (Figure b.g). In chapter c, the surface forces between hafnia sur-
faces in the absence of citric acid was also repulsive (see figure c.c), JKL how-
ever the repulsive force in that case was due to the electric double layer be-
tween positively charged hafnia surfaces. Whereas, the repulsion observed 
when citric acid is present arises from the negatively charged surfaces due 
to the charge reversal that accompanies adsorption of citric acid. The electric 
repulsion will ensure that dispersions of particles even at pH~ T will be stable 
at salt concentrations up to > L mM. 
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The surface potential determined from fitting the surface forces using 
the DLVO theory with roughness is presented in Table b-L. The surface po-
tential increases with pH but is largely unaffected by increasing citric acid 
concentration. This is consistent with the zeta potential and optical reflec-
tometry (OR) measurements.  
 
 
 
 
 
 
 
 
Figure b.g: F/R versus separation measured on approach between hafnia surfaces in the 
presence of citric acid around pH T. The citric acid concentrations were LK-TM 
(circle), LK-JM (triangle) and LK-LM (square). The two theoretical fits represent the 
boundary conditions of constant charge (solid line) and constant potential (dot-
ted line). The fitting parameters used were: (LK-L M) κ-L = J.K nm, ΨK= -dL.K mV; 
(LK-J M) κ-L = T.f nm, ΨK= -bJ.K mV; (LK-T M) κ-L = c.b nm, ΨK= -bb.d mV 
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Table b-L: Surface potential determined from DLVO fitting to the AFM force profile.  A surface 
roughness of K.bc nm rms was used. The surface potential increases with the pH of 
the solution.   
 
Citric acid concentration 
K.L  M   K.KL   M K.KKL   M 
pH T -dL.K mV -bJ.K mV -bb.d mV 
pH b -MT.K mV -bb.d mV -df.d mV 
pH g -Mg.K mV -dL.M mV -dg.T mV 
 
 
The decay length which is used as a measure of the thickness of the elec-
tric double layer is determined from the best fit to the AFM force profile and 
compared to the theoretical Debye length calculated from the concentration 
of citric acid (accounting for speciation) and the NaCl background electrolyte 
used in the measurement are shown in Table b-J. Note that the calculated 
Debye length takes into account the change in the ionic valence of citric acid 
depending on the pH. Both experimentally measured decay length and cal-
culated Debye length were shorter at high pH because of the domination of 
the XT- citric acid species in solution contributing to the higher ionic strength. 
When the experimental and the theoretical values are compared, a signifi-
cant disparity was observed.  
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Table b-J: Debye length for each citric acid concentration and pH studied. κ-L exp. (nm) and κ-
L cal. (nm) are the decay length determined from the best fit to the AFM force profile 
and the theoretical Debye length, respectively. 
 
Citric acid concentration 
K.L M K.KL M K.KKL M 
pH T.b pH b pH g pH T.b pH b.J pH f.M pH T pH b pH M.f 
κ-L 
exp. (nm) J.K L.M L.T T.f T.L J.f c.b b.J c.f 
κ-L 
cal. (nm) 
K.gc K.bT K.Tg J.g L.d L.J M.L c.M T.d 
 
 
The experimentally measured decay length was longer than the calcu-
lated Debye length.  Such a disparity is not observed in solutions containing 
only L:L electrolytes. This disparity can be explained by the asymmetry of 
the electrolyte. For an asymmetric electrolyte the Debye length and the decay 
length should not coincide, as the decay length depends on which ion is 
abundant near the surface and also the type of the electrolyte, for example 
whether it is L:J (CaClJ) or J:L (NaJSOc).Jbf Furthermore, we expect that the 
depletion of the multivalent species from the double layer due to like charge 
repulsion would extend the decay length.  
In the investigation of the surface forces between the same hafnia sur-
faces in the absence of citric acid, presented in chapter c (Figure c.LK), the 
best fit to the experimental data was achieved with a surface roughness pa-
rameter of L.J nm rms. However, in this chapter where citric acid was ad-
sorbed onto the hafnia surfaces, this value was found to be too high, rather 
an rms roughness of K.bc nm gave the best fit. This implies that the citric acid 
adsorbs in a manner that reduces the effective surface roughness.  That is, 
the citric acid may preferentially adsorb in surface hollows.  
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b.T.b Secondary minima and flocculation  
Flocculation is commonly observed at high salt concentrations regardless of 
the solution pH in rheology. To understand this, we need to look for evi-
dence of a secondary minimum. I have calculated the secondary minima in 
the interaction energy from the DLVO-R fit to the experimental interaction 
forces between hafnia surfaces in the absence of citric acid presented in the 
chapter c (Figure c.g and Figure c.L) and in the presence of citric acid (Figure 
b.M, Figure b.f, and Figure b.g) presented in this chapter. Note that the data 
from the theoretical fit is used to remove the effect of experimental noise. 
The force is divided by two, to account for the interaction between two 
identically sized spheres rather than a sphere-flat interaction, and then inte-
grated as per the Derjaguin approximationLKc to give the interaction energy 
between two spheres; 
 𝑈 𝑥 = 𝐹 𝑥± 𝑑𝑥′_á     (b.J) 
 
where U(x) is the separation dependent interaction energy and F(x’) is the 
separation dependent force. The interaction energy has been shown in units 
of kBT versus separation in nm as it allows the importance of the depth of the 
minima to be evaluated. A minima with a depth of bK kBT or more will give 
rise to very rapid flocculation, whereas a minima with a depth of > LK kBT is 
stable or lead to very slow flocculation.   
b.T.b.L Secondary minima between hafnia particles  
Here I am presenting the secondary minima for the surface forces obtained 
between hafnia surfaces in the absence of citric acid. The DLVO-R curve fit 
(L.J nm rms roughness assumed) for the repulsive force data obtained be-
tween hafnia surfaces presented in the chapter c (Figure c.g and Figure c.LK) 
were analyzed to verify the existence of a strong secondary minima that 
would indicate flocculation at pH values remote from the iep in salt solutions. 
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This is presented in Figure b.LK. This reveals that significant secondary min-
ima (> LK kBT) are present and that these would cause flocculation at pH val-
ues remote from the iep if the ionic strength is sufficient.  Thus, adjustment 
of the pH to the iep will result in flocculation in a primary minimum, causing 
particles to strongly adhere when they collide, which would infer open flocs 
(low fractal dimension) that are difficult to dewater, whereas flocculation by 
increasing the ionic strength at pH values remote from the iep will result in 
flocculation in a secondary minima allowing particles to move relative to 
each other and thereby form denser flocs (higher fractal dimension) that are 
more easily dewatered. 
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Figure b.LK: Interaction energy (kBT) calculated from the DLVO-R theoretical fit (constant 
charge) to the repulsive force measured in LK mM (a) and L mM (b) NaCl at pH 
away from iep (Chapter c, Figure c.g and Figure c.LK) for the hafnia particles 
with radius LK	𝜇𝑚 in the absence of citric acid. The predicted secondary minima 
are LcT  kBT , LTM  kBT , and dL  kBT  for pH J.f, pH M.L, and pH g.T, respectively 
in LK mM NaCl and gT  kBT , Jc  kBT  and Jc  kBT  for pH J.d, pH M.J, and pH g.M, 
respectively in L mM NaCl 
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b.T.b.J Secondary minima between hafnia particles in the presence of citric acid  
Returning to the interaction in the presence of citric acid, the interaction en-
ergy (kBT) calculated for the hafnia colloidal particles with radius LK	𝜇𝑚 and 
for the nanoparticles with radius bK nm at a range of citric acid concentration 
is presented in Figure b.LL.  As the forces scale with the radius it is possible 
to determine the forces for bK nm particles from measurements between 
larger particles. We note that presently it is not possible to directly measure 
the interactions between particles with a radius of bK nm. The zeta potential 
measurements and the surface force data demonstrate that citric acid stabi-
lizes particles at a wide range of pH due to electric repulsion. In contrast, 
many metal oxides have isoelectric points at near neutral pH, thus in the ab-
sence of citric acid these systems would be unstable within this pH range. 
Thus, nanoparticles and colloidal particles of these materials will remain dis-
persed in the presence of citric acid under pH conditions under which they 
might normally flocculate and sediment. This is significant as the citrate ion 
is present in the biosphere in the blood,JcT in bonesJcJ and in soilsJbg and the 
rhizosphereJcd, JdK-JdL at significant concentrations.   
Further, citric acid is a model system for humic and fulvic acids, which 
are also present in soils and natural waters.Jbg Therefore, nanoparticles and 
colloidal particles of a wide range of materials are stabilized by the adsorp-
tion of citric acid or humic/fulvic acids in our environment.JJK As dispersed 
particles they will be readily transported by flow and by diffusion.  
However, the stability of particles can also be adversely influenced by 
increases in ionic strength. This is seen in the surface forces measurements 
where at higher concentration of electrolytes there exists a range of separa-
tions over which the interaction is attractive (see Figure b.d-F).  In this region 
of secondary minima, particles are attracted to each other, but are not in 
physical contact, as such the particles flocculate and sediment. As the parti-
cles are not in physical contact the particle-particle friction is minimized and 
the arrangement of the particles within a floc are free to reorder. The low 
friction is evidenced by the lack of hysteresis between the approach and re-
traction force data. This generally results in dense flocs (as opposed to open 
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flocs which occur when particles strongly adhere with high rolling friction). 
Also because the particles are not strongly adhered they are readily redis-
persed if the ionic strength of the solution is reduced.  
The interaction energy (kBT) versus separation (Figure b.LL- top) shows 
that in L mM electrolyte the colloidal particulate systems will be stable. 
Whereas, upon increasing the citric acid concentration to LK mM and higher 
the colloidal particles are no longer stable in solution. Similarly, the colloidal 
systems are unstable at the higher electrolyte concentrations of K.KL M and 
K.L M (Figure b.LJ - top). Note that the minima occur at substantial particle-
particle separations indicating that the particles are not in physical contact 
and therefore the structure of the colloidal flocs can easily deform and rear-
range and the particles can easily be redispersed if the concentration of elec-
trolyte is reduced.  
In contrast, the secondary minima for nanoparticles bK nm in radius is 
very much shallower as shown in Figure b.LL (bottom) and Figure b.LJ (bot-
tom), ensuring that the nanoparticles are stable even at high salt concentra-
tions. Note this calculation does not include the reduction in the dispersion 
forces that takes place for particles less than LKK nm in radiusJKJ. If this effect 
were included the secondary minima would be even shallower. This shows 
that nanoparticles with citrate adsorbed are stable at high ionic strengths 
where colloidal particles are unstable and highlights the extreme stability 
conferred on nanoparticles by the adsorption of citrate. That is nanoparticles 
in the presence of citrate are stable across a wide range of pH and ionic 
strengths and are only unstable at pH ~J, which is the iep of the citrate-par-
ticle system. 
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Figure b.LL: Interaction energy (kBT) calculated by integrating the force data from the 
DLVO-R theoretical fit (constant charge) to the experimental data presented in 
Figure b.M, Figure b.f, and Figure b.g for the colloidal particles with radius LK	𝜇𝑚 
(top) and for the nanoparticles with radius bK nm (bottom).  The data from the 
theoretical fit is used to remove the effect of experimental noise. Note that the 
concentration in the legend indicates the citric acid concentration. Here the 
background electrolyte is K.KKL M NaCl. The secondary minima values are tab-
ulated in Table b-T.  
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Figure b.LJ: The effect of concentration of the background electrolyte (NaCl) on the inter-
action energy (kBT) calculated for the K.KKL M citric acid (see Figure b.LL).  The-
oretical secondary minima are obtained for both particle sizes LK	𝜇𝑚 (top) and 
bK nm(bottom) at a range of salt (K.KKL, K.KL, and K.L M NaCl) concentrations in 
the presence of K.KKL M citric acid. Note that the concentration in the legend 
indicates the NaCl concentration. The secondary minima values are presented 
in Table b-c. 
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Table b-T: Secondary minima in the interaction energy between two spherical LK micron haf-
nia particles and between bK nm hafnia nanoparticles in the presence of citrate 
  
Citric acid concentration  
0.1  M 0.01   M 0.001 M 
 pH 3 159 kBT  33 kBT  4 kBT  
10 µm pH 5 148 kBT  56 kBT  Not Applicable 
 pH 9 212 kBT  57 kBT  Not Applicable 
50 nm 
pH 3 0.8 kBT  0.2 kBT  0.02 kBT  
pH 5 0.7 kBT  0.3 kBT  Not Applicable 
pH 9 1.1 kBT  0.3 kBT  Not Applicable 
 
 
Table b-c: Secondary minima in the interaction energy between two spherical LK micron haf-
nia particles and between bK nm hafnia nanoparticles in the presence of K.KKL M 
citrate at a range of NaCl concentration   
  
NaCl concentration 
0.1  M 0.01   M 0.001 M 
 pH 3 576 kBT  68 kBT  4 kBT  
10 µm pH 5 585 kBT  53 kBT  Not Applicable 
 pH 8 602 kBT  64 kBT  Not Applicable 
50 nm 
pH 3 2.9 kBT  0.3 kBT  0.02 kBT  
pH 5 2.9 kBT  0.3 kBT  Not Applicable 
pH 8 3.0 kBT  0.3 kBT  Not Applicable 
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b.T.b.T Stability and distribution of nanoparticles and colloidal particles in the en-
vironment 
Increased production of nanoparticles is leading to an accumulation of an-
thropogenic nanoparticles in the environment and growing concerns over 
possible health implicationsJdJ-Jdb. The fate, transport and interactions of these 
nanoparticles in the environment are determined by the surface properties 
and the stability, which is influenced by the pH, ionic species, naturally oc-
curring organic matter and clay materialsJdc. The size of particles and particle 
aggregation is not only important in soils and waterways but also affects ex-
posure sites and pathways and ultimately the toxicity in biological sys-
temsJdd-Jdf. Moreover aggregation decreases the dissolution rate of particlesJdg. 
The surface forces demonstrate that adsorption of citrate to colloidal parti-
cles and nanoparticles confers solution stability over a wide range of pH, 
moreover, for nanoparticles this stability remains even at high ionic strength. 
This demonstrates that exposure of nanoparticles, such as titania nanoparti-
cles, in the environment to naturally occurring organic materials such as hu-
mic acids, fulvic acids or citric acid leads to nanoparticles that are stable in 
solution across a very wide range of pH and ionic strength. The result is that 
nanoparticles are prevented from aggregating and are present as primary 
particles, which are readily dispersed and available for uptake, whereas bare 
particles would readily flocculate which would reduce their dispersion and 
largely prevent biological uptake. 
b .c  SUM M ARY 
 
The influence of the adsorption of citric acid to hafnia surfaces on the inter-
action forces has been investigated. Ultrasmooth hafnia has been used as a 
model metal oxide surface and the trends observed are applicable to a wide 
range of metal oxide surfaces. Citrate adsorption increases with decreasing 
solution pH. Upon adsorption, the citric acid layer shifts the surface potential 
of the metal oxide to more negative values such that the surface potential 
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becomes significantly negative at all pH values of T and above in the pres-
ence of citric acid. The substantial magnitude of the surface potential gives 
rise to a significant electric repulsion between particles, which prevents ag-
gregation. The surface force measurements confirm that citric acid is a very 
effective stabilizer for metal oxide particles as the surface forces were always 
repulsive and no primary adhesion was observed, even at low citric acid con-
centrations. At high electrolyte concentrations the electric repulsion is 
screened and a secondary minima is evident for colloidal sized particles. This 
will cause aggregation and flocculation. As the aggregation is due to a sec-
ondary minima, the flocs will be dense and easily re-suspended if the ionic 
strength is reduced or shear forces are exerted. In contrast nanoparticles are 
stabilized by citrate even at high ionic strengths. The stability of nanoparti-
cles in the presence of citrate ions will favour the transport of nanoparticles 
in vivo, in soils and in the aquatic environment as citric acid (or humic and 
fulvic acids) is often present at significant concentrations. The implications 
for the distribution of nanoparticles in our environment are significant given 
the widespread distribution of man-made nanoparticles in air JdT and con-
cerns over their impact on human health. 
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EFFECT OF A PALMITIC ACID MONOLAYER ON THE 
SURFACE FORCES BETWEEN HAFNIA SURFACES 
 
d .L  INTRODUCTION  
 
t is desirable in many circumstances to functionalise hydrophilic sur-
faces to render them hydrophobic. This can be achieved by surface mod-
ification involving the formation of covalent bonds to produce robust 
hydrophobic surfaces, such as the silanisation of glass surfacesJMK. Alterna-
tively amphiphilic molecules can be physisorbed to surfaces to render them 
hydrophobic by the Langmuir-Blodgett technique for insoluble amphiphiles 
or by adsorption from solution for soluble amphiphiles.  
In this chapter, I investigate the surface forces between surfaces made 
hydrophobic by deposition of a water insoluble amphiphile via the vapour 
phase. The surface hydrophobicity is characterised by the contact angle. The 
surface forces measured between hydrophobic surfaces are known to give 
rise to an attraction not present between hydrophilic surfaces. A long-ranged 
attractive force between macroscopic hydrophobic surfaces was first re-
ported by Israelachvili and Pashley in LgfJLLf. Measurements using the sur-
face forces apparatus (SFA) between mica surfaces rendered hydrophobic by 
the physisorption of the cationic surfactant cetyltrimethylammonium bro-
I 
CHAPTER     6 
LLd              Chapter d.  EFFECT OF A PALMITIC ACID MONOLAYER ON THE SURFACE FORCES BETWEEN HAFNIA SURFACES
  
 
mide (CTAB) exhibited an unexpected attraction which far exceeded the cal-
culated van der Waals attraction, and therefore could not be described within 
the framework of the Derjaguin Landau Verwey and Overbeek (DLVO) the-
oryJK-JL. The observation of an additional interaction observed between hy-
drophobic surfaces came to be known as the hydrophobic force or the long-
range hydrophobic attraction. The first experimental report of this force 
sought a relationship between the long-range hydrophobic attraction with 
the hydrophobic effectJML, which is responsible for the aggregation and self 
assembly of hydrophobic molecules in aqueous solution, but the relationship 
is yet to be resolved.  
Measurements of the surface forces between hydrophobic surfaces have 
revealed interaction forces that vary widely in range and in magnitude. Pa-
pers reporting the largest and longest-range interactions can now be at-
tributed to the interaction of surface nanobubblesLJM-LJg – which are in them-
selves somewhat mysteriousLTK-LTL.  Whilst this is interesting and relevant in 
many situations, here we put measurements between surfaces decorated 
with nanobubbles aside, as others doJMJ, as we wish to concentrate on the 
interaction between macroscopic hydrophobic surfaces in the absence of sur-
face nanobubbles.  
Once the results that are likely due to nanobubbles are excluded there 
still remains an attraction not described by the DLVO theory between hydro-
phobic surfaces that extends up to separations of ~TK nm.LJJ-LJT, LJd Amongst 
these measurements the interaction force is variable.  This variability is at-
tributed to the nature of the hydrophobic surface. Forces measured between 
relatively smooth and stable hydrophobic surfaces produced by chemisorp-
tion have been reported to be in the range of < LK-JK nm,LJb, JMT-JMc whereas 
surfaces prepared by physisorbed surfactants have resulted in longer ranged 
forces (> JK nm)JMb-JMd.   
Here I use vapor phase adsorption to physically adsorb a monolayer of 
amphiphile to a hydrophilic surface. This results in a significant increase in 
hydrophobicity. Whilst the method of preparation is different, the system is 
related to previous investigations in which insoluble monolayers were de-
posited onto hydrophilic surfaces using the Langmuir-Blodgett techniqueJMM-
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JMf The non-DLVO attraction between LB deposited films has long been at-
tributed to the mobility of the amphiphiles.LJd  Initially, the mobility was 
thought to lead to rearrangements in the amphiphile distribution within the 
monolayer.  More recently the interaction has been attributed to the for-
mation of patches of bilayer and patches of bare surface, resulting in regions 
of different surface chargeMK, JMg. When surfaces interact it is favourable for 
amphiphiles to migrate such that positively charged patches align with neg-
atively charged patches, resulting in an electrostatic attraction.  Theoretical 
analysis reveals that for a mosaic of patches this interaction is exponential, 
with a decay length of k-N/JJfK and is strongest when the overall surface 
charge is neutral.JLd-JLM  
Attempts have been made to measure the interaction forces between in-
herently hydrophobic surfacesTJ, but it is difficult to prepare these surfaces 
with the extremely low level of roughness that is desired for accurate, precise 
and easily interpretable surface force measurements. The interactions be-
tween solid polymer surfaces have been investigated but these surfaces were 
not as smooth as desiredTJ, JfL. A successful approach for eliminating the in-
fluence of surface roughness so that the hydrophobic interaction can be eval-
uated is to employ liquid dropletsJfJ.   
In this chapter, I used atomic layer deposition (ALD) prepared smooth 
hafnia surfaces as the substrate for exposure to palmitic acid vapour which 
readily results in the self-assembly of a monolayer of palmitic acid rendering 
the surface hydrophobic. The surface hydrophobicity is characterised by the 
contact angle and via surface force measurements.   
d .J  EXPERIM ENTAL M ETHOD  
d.J.L Vapour deposition of palmitic acid 
Surfaces were water vapor plasma cleaned for gKs at TK W, followed by TK s 
at bK W immediately before the palmitic acid vapor treatment. Surfaces were 
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then placed in a clean glass petri dish, along with palmitic acid (Sigma, Hex-
adecanoic acid, Sigma Grade Approx. gg%). To expose the surface to palmitic 
acid vapour, the petri dish containing the surfaces and palmitic acid powder 
was placed into an oven. The surfaces were arranged such that when the pal-
mitic acid powder melted no direct contact with the surfaces was made. Var-
ious treatment temperatures (Mb °C, LLK °C, LTb °C) and durations (b min, TK 
min, dK min) were examined to determine the optimal conditions for forming 
a hydrophobic monolayer as determined by the highest advancing and re-
ceding contact angles. Once the vapor treatment was completed, the flat sur-
faces were rinsed with distilled ethanol for J s and rinsed under purified 
water for b s and then dried under a stream of pure NJ gas. Colloid probes 
were rinsed by dipping in clean distilled ethanol multiple times. The rough-
ness of the ALD hafnia surface with palmitic acid monolayer was determined 
from an AFM image (LKKK nm x LKKK nm) using a Bruker multimode f AFM 
in ScanAsyst mode in air, using a Bruker ScanAsyst-Air cantilever.  
Ellipsometry (MJKKKD, JA Woollam) was used to determine the thick-
ness of the palmitic acid layer formed after the vapor treatment. It is easier 
to fit the ellipsometric data with fewer surface layers. Hence, for ellipsometry, 
the hafnia was deposited directly onto a Si substrate. A TT.K nm thick hafnia 
layer was produced from a total of cKK cycles, in which each deposition cycle 
consisted of a K.b s pulse of Hf precursor, followed by a JK s nitrogen purge, 
then a K.KLb s pulse of water, followed by a JK s nitrogen purge. Nitrogen 
was used as the carrier gas at a flow rate of JK sccm. 
d.J.J Contact angle measurement 
The contact angles of a range of hydrophobised oxide surfaces were investi-
gated. ALD prepared titania (TiOJ), ALD prepared zirconia (ZrOJ), ALD pre-
pared hafnia (HfOJ), and Si wafer (the native surface is oxidized to SiOJ) were 
used as substrates and hydrophobised via the palmitic acid vapour treat-
ment. The ALD deposition conditions employed for the surfaces are shown 
in Table d-L. The thicknesses of the ALD produced layers were determined 
to be Tf.K nm for titania, LT.L nm for zirconia, and LJ.M nm for hafnia.  
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Table d-L: The ALD deposition condition for the titania, zirconia, and hafnia surfaces used for 
the contact angle measurements. Nitrogen was used as the carrier gas at a flow rate 
of JK sccm (standard cubic centimetre per minute). 
 
 
Advancing and receding contact angles of aqueous solutions on the var-
ious surfaces (SiOJ, HfOJ, TiOJ, ZrOJ) were measured using a contact angle 
goniometer (CAMJKK, KSV, Helsinki, Finland), with a reported accuracy of 
±L°. A micro syringe (GASTIGHT #LKKL, K–L ml, Hamilton Co., Reno. Ne-
vada, USA) with a blunt dispensing needle (victor-g.com., JMG x Jd mm) was 
used to create the droplet on the surface. Measurements were performed at 
ambient temperature (JJ ± J °C). Liquid was continuously added to measure 
the advancing contact angle and continuously removed to measure the re-
ceding contact angle. Profiles of the liquid drop on the surface were captured 
 
Precursor 
Temperature 
(°C) 
ALD 
Reaction 
Temperature 
(°C) 
Total 
number of  
cycles 
Pulse  
duration (s) 
Titania LKK fK fKK 
Ti: K.b 
Nitrogen: M 
Water: K.b 
Nitrogen: b 
Zirconia Mb JKK LfK 
Zr: K.Jb  
Nitrogen: Lb 
Water: K.KJ  
Nitrogen: Lb 
Hafnia Mb JbK LcL 
Hf: K.b 
Nitrogen: JK 
Water: K.b 
Nitrogen: JK 
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at a rate of JK frames/s. The advancing and receding contact angles were 
measured using the instrument software and identified respectively as the 
maximum and minimum value before the contact line moved. To investigate 
the contact angle dependence on the pH of the solution, solutions of K.KKL M 
NaCl ranging from pH T to pH g were prepared by adding an appropriate 
amount of sodium hydroxide or hydrochloric acid. At least T surfaces were 
immersed in each pH adjusted NaCl solution then blown-dry with high pu-
rity nitrogen gas before each contact angle measurement.  
d .T  RESULTS AND DISCUSSION 
d.T.L Contact angle measurement 
Contact angles were measured on the ALD prepared surfaces described in 
section §d.J.J. and the results are reported in Table d-J. Palmitic acid (PA) 
treatment in all cases led to a large increase in both the advancing and reced-
ing contact angles of water droplets. Treatment of the silicon wafer led to an 
advancing angle of Mf° and a receding angle of cT°. The measured advancing 
and receding contact angles for both the PA-titania and PA-zirconia surfaces 
were greater, whilst the PA-hafnia surfaces showed the highest advancing 
(LKb °) and receding contact angles (dK °). For this reason, subsequent meas-
urements focused on the hafnia surfaces. We note that the contact angle may 
be influenced by the removal of surfactant at the three phase line. It is known 
that adsorbate can transfer to the liquid air interface, reducing the density on 
the solid surface, reducing the surface tension of the liquid air interface and 
reducing the contact angle. However, if this is the case, it supports our deci-
sion of choosing hafnia over other surfaces. The contact angle results below 
show that there is a stronger affinity of palmitic acid for the hafnia surface.  
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Table d-J: Advancing and receding contact angles measured on various oxide surfaces after 
exposure to palmitic acid vapor at LTb °C for dK min. Both the advancing and re-
ceding contact angle were highest on the hafnia surface.  
Surface Advancing contact angle (°) Receding contact angle (°) 
SiOJ Mf ± J cT ± b 
TiOJ gd ± T cf ± b 
ZrOJ gM ± J cf ± d 
HfOJ LKb ± J dK ± f 
 
In order to explore the influence of the treatment conditions on the hy-
drophobicity of the surface, both the advancing and receding contact angles 
of aqueous K.KKL M NaCl on the palmitic acid treated hafnia surfaces (PA-
hafnia) prepared at three different temperatures and durations were meas-
ured and are shown in Figure d.L.  The general trend is that the contact angle 
increased with increasing treatment temperature and duration. Treatment at 
Mb °C did not result in hydrophobic surfaces even after dK mins. The maxi-
mum advancing contact angle was only ~ TK°. Also, the receding angle on the 
surfaces treated at Mb °C (b min and TK min) were too small to be measured. 
The advancing contact angle on the surfaces treated at LLK °C increased from 
approximately JK° to LKL° when the treatment duration was increased from 
b min to TK min. When the duration was increased further to dK min, the 
advancing contact angle did not increase significantly, however the receding 
contact angle increased by a further g°. Surfaces treated at LTb °C did not 
show great dependency on the treatment duration. Palmitic acid treatment 
at this high temperature yielded advancing contact angles of LKK °C and 
LKb °C when the duration was b min and dK min, respectively. The compari-
son between the lowest and highest contact angle measured is presented in 
Figure d.J showing the effectiveness of the palmitic acid vapour treatment in 
hydrophobising the hafnia surfaces.  
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Figure d.L: The advancing (top) and receding (bottom) contact angle of K.KKL M NaCl on 
PA-Hafnia surfaces. The error bars reflect the highest and lowest of the LK 
measured contact angles for each sample under each condition.  
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Figure d.J: The advancing contact angle of K.KKL M NaCl on the hafnia surface treated 
with palmitic acid at Mb °C for b min (top), and the hafnia surface treated 
at LTb °C for dK min (bottom). The red solid line indicates the location of 
the surface. Palmitic acid vapour treatment is found to be a very effective 
way of hydrophobising the initially hydrophilic hafnia surface. Note that 
the freshly cleaned hafnia surface using the radio frequency water plasma 
was extremely hydrophilic (completely wetting) before any palmitic acid 
vapour treatment. 
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d.T.L.L Contact angle change over time  
Hydrophobic surfaces immersed in water are known to become progres-
sively more hydrophilic (as measured by the contact angle with water) over 
time. This may be attributed to loss of the hydrophobising agent for phy-
sisorbed films, but this is also observed for chemisorbed films, where it has 
been shown that the hydrophobising layer is still intactJMK.  In order to inves-
tigate the influence of immersion on the hydrophobicity, the contact angle 
on the surfaces was measured after immersion in aqueous NaCl K.KKL M for 
Jc hours (Figure d.T). It is evident that longer treatment times and higher 
treatment temperatures generally produce surfaces with the highest post-
immersion contact angles. The advancing and receding angle on the surfaces 
treated at Mb °C were too small to be measured after Jc hours of immersion. 
Advancing contact angles on the PA-hafnia surface treated at LTb °C and 
LLK °C for dK min decreased to nearly the same value of approximately gJ 
degrees. However, the receding contact angle of the PA-hafnia surface 
treated at LTb °C was f ° higher than the one treated at LLK °C. This shows 
that the hydrophobicity after immersion was highest when the surface was 
treated at LTb °C for dK min. This treatment temperature and duration were 
used to study the effect of pH on the stability of the contact angle on PA-
hafnia surfaces.  
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Figure d.T: The measured advancing (top) and receding (bottom) contact angle of K.KKL M 
NaCl on PA-Hafnia surfaces after immersion in K.KKL M NaCl for Jc hours.  
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d.T.L.J The effect of pH on the contact angle  
The effect of pH on the contact angle of aqueous droplets on the PA-hafnia 
surfaces over time were measured both initially and after immersion in K.KKL 
M NaCl at the same pH for different time periods (Figure d.c). Once removed 
from solution the surfaces were briefly blown dry under a stream of purified 
nitrogen gas before the contact angle was measured. The general trend ob-
served is that the contact angle decreased with increasing pH, and with im-
mersion time. Results show that the contact angle at the lowest pH (T.J) is 
highest and remained so over time. The advancing contact angle remained 
above gK ° even after LJ hours of immersion at pH T.J. On the contrary, at 
pH g.d, the advancing contact angle on the PA-hafnia surface was initially 
only fJ ° and this dropped further to TM ° after only L hour of immersion. The 
relatively poor stability at high pH and the high stability of the palmitic acid 
treatment at low pH is attributed to the low water solubility of fatty acids at 
low pH.JfT-Jfc  The hysteresis in the contact angle is also presented in Figure 
d.c. The large contact angle hysteresis observed is characteristic of a surface 
that is either heterogeneous or mobileLJd. 
 
d.T  RESULTS AND DISCUSSION              LJM 
 
 
Figure d.c: Advancing and receding contact angle of droplets of pH adjusted K.KKL M NaCl 
solutions on PA-hafnia surfaces formed at LTb °C for dK min as a function of 
immersion time in pH adjusted K.KKL M NaCl aqueous solutions. The hysteresis 
between the advancing and receding contact angles is presented in the lower 
panel. 
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d.T.J Characterisation of the palmitic acid layer 
The thickness of the palmitic acid layer formed on the hafnia surface after 
vapor treatment at LTb °C for dK min was determined by comparing ellipso-
metric data from the hafnia surface both before and after palmitic acid treat-
ment (Figure d.b). The thickness and the refractive index of the palmitic acid 
layer estimated using a Cauchy model were L.K ± K.T nm and L.b ± K.L (at dTK 
nm), respectively. The measured thickness is smaller than the length of the 
palmitic acid molecule which is L.fg nmJfb. Assuming the layer is a complete 
monolayer the measured thickness indicates that the molecules within the 
monolayer are tilted approximately TJ ° ± LL ° from the normal to the surface. 
Atomic Force Microscope images of the bare hafnia and PA-hafnia sur-
faces in air are shown in Figure d.d. The images were used to measure the 
rms roughness of the surfaces, which was found to be K.d ± K.J nm across all 
scales on both images, indicating that the adsorption of the palmitic acid did 
not increase the surface roughness or change the texture of the images. This 
indicates that in air the palmitic acid is evenly distributed across the surface 
in a monolayer film. 
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Figure d.b: Measured spectra (Y, D) of ALD hafnia surface before and after treatment with 
palmitic acid. The data measured before and after the PA treatment do not show 
much difference as the thickness of the monolayer is only approximately L nm.  
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Figure d.d. AFM images of the ALD hafnia surface and the ALD hafnia surface with pal-
mitic acid at different magnification. The texture of the images is unaffected by 
the adsorption of palmitic acid. The z-scale in the image is b nm.  
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d.T.T Zeta potential  
Colloidal particles of hafnia both untreated and treated with palmitic acid 
were used for zeta potential measurements. Hafnia powder (gg.gb % pure) 
supplied by Materion (H-LKLL) was used as the substrate for zeta-potential 
measurements. The zeta-potential of the hafnia surface in K.KKL M NaCl so-
lution before and after palmitic acid vapor treatment at LTb °C for dK min is 
presented in Figure d.M.  The isoelectric point (iep) of the hafnia surface be-
fore the palmitic acid vapor treatment was at pH ~b. When the hafnia surface 
is treated with palmitic acid vapor, the iep shifted to pH ~T.b. This indicates 
that the palmitic acid is adsorbed in a neutral state to the surface, but when 
immersed in NaCl solution it is in the deprotonated form even at low pH, 
which is below the  pKÝ of the acid. It is known that adsorption to surfaces 
causes a decrease in the apparent, pKÝÝââ, of carboxylic acids.Jfc The same 
phenomena is observed for low molecular weight carboxylic acids adsorbed 
to metal oxide surfacesJbd. 
 
 
Figure d.M: Zeta-potential as a function of pH for hafnia particles in K.KKL M NaCl solution, 
before (Hafnia) and after (PA) the surfaces were exposed to palmitic acid (PA) 
vapor at LTb °C for dK min. Two measurements of the latter are shown, using 
manual pH adjustment and autotitration. The shift in the isoelectric point to 
lower pH is attributed to adsorption of the palmitic acid in the deprotonated 
state. 
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d.T.c Surface forces between PA-hafnia surfaces  
The surface forces between palmitic acid treated hafnia surfaces (PA-hafnia) 
were measured using an atomic force microscope with a colloid probe at-
tached to the cantilever. There is a possibility that the palmitic acid mono-
layer is damaged during force measurement. This would result in the order 
of the measurement influencing the result measured at each pH.  In order to 
minimize this possibility, different colloid probes were used for measure-
ments at each pH. The forces measured at a range of pH are shown in Figure 
d.f. At pH T.J, which is close to the iep, the absence of an electric repulsion 
reveals an attractive force.  At pH values both below (pH J.d) and above (pH 
b.J and pH M.J) the iep, the surfaces are charged and a long-range electric 
repulsion is evident. In this case, the forces are initially repulsive before an 
attraction is observed that causes the surfaces to jump into contact. The 
jump-in occurs when the separation is approximately JK nm and Lb nm at 
pH b.J and pH M.J, respectively.  The long-range attractive forces evident in 
these measurements between hydrophobic surfaces are not described by 
DLVO theory.  
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It has been reported that chemisorbed hydrophobic surfaces with a high 
surface contact angle and a robust monolayer are prone to be decorated with 
nanobubbles.Jfd During force measurement surface nanobubbles form a 
bridge between the surfaces that results in a long-range attraction.LJf Force 
curves with and without surface bubbles have been previously investi-
gated.LJJ It has been reported that in the presence of surface bubbles, the 
measured attractive forces were long-ranged (bK~LbK nm) and that when 
bubbles were removed from the hydrophobic surfaces, the attractive forces 
became shorter-ranged (LK~JK nm). The force curves obtained in this study 
are comparable to those reported previously in the absence of bridging bub-
bles.LJJ-LJT Here, repeated force measurements at the same location and at 
 
 
 
 
Figure d.f: The normalized force (F/R) measured as a function of separation between 
PA-Hafnia surfaces during approach. The surfaces were exposed to palmitic 
acid vapour for dK mins at LTb °C.  In all cases a large attractive force or an 
attractive jump, indicated by an arrow, is evident at a separation greater than 
Lb nm. This extra attraction not described by DLVO theory is generally at-
tributed to the long-range hydrophobic attraction. 
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three different locations for each pH were reproducible. The interaction ex-
hibited only minor variations at the different locations (see Figure d.g). This 
indicates that the interactions observed are not due to the presence of nano-
bubbles and also indicates that the surface treatment is reasonably uniform, 
which is consistent with the AFM images of the PA-hafnia surfaces.  
In order to more fully understand the measured interactions, I have 
compared the experimental data to the DLVO theory extended to account for 
surface roughness (DLVO-R)JKT with a distance-dependent Hamaker coeffi-
cient calculated assuming a L nm thick palmitic acid layer on hafnia/tita-
nia/silica/silicon multilayer. The effect of the palmitic acid layer is to reduce 
the magnitude of the dispersion forces. The dielectric functions of each layer, 
siliconJfM , silicaJff, titaniaMg , hafniaJfg are blended to provide an effective die-
lectric function for the whole surface.cg, fT I represent palmitic acid using the 
dielectric function of hexadecaneJgK. The short-range behaviour (<LKnm) is 
 
Figure d.g: Normalised force versus separation measured between PA hafnia surfaces pre-
pared at LTb °C for dK min, in three different locations at pH T.J (Grey ´), pH J.d 
(Orange  ), pH b.J (Blue ●), and pH M.J (Red ▲ ).   
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dominated by palmitic acid, which alone has a nonretarded Hamaker con-
stant of d.M zJ. The hafnia (and underlying titania) layer dominates the van 
der Waals interaction at mid-range distances LK-LKK nm (the pure nonre-
tarded Hamaker constant of hafnia is bd.T zJ). At long-range distances (>JKK 
nm) the van der Waals interaction is controlled by the underlying silicon sub-
strate, but is also attenuated by retardation.  A plot of the distance-dependent 
Hamaker coefficient and mathematical details are given in the Appendix-A 
(Figure A.J). Overall, the effect of the palmitic acid layer is to reduce the 
magnitude of the dispersion forces, particularly at short range. 
d.T.c.L Forces measured above the isoelectric point   
The measured normalized force versus separation at different immersion 
times in K.KKL M NaCl adjusted to pH b.J and pH M.J measured during the 
approach and retraction is shown in Figure d.LK and Figure d.LL, respectively, 
along with fits to the data using DLVO theory corrected for roughness 
(DLVO-R theory) JKT. The fitting was conducted over the repulsive portion of 
the interaction, ignoring the jump to contact – i.e. ignoring the attraction usu-
ally attributed to the long-range hydrophobic force, which is not considered 
in DLVO theory. At pH b.J (Figure d.LK), the force was repulsive down to a 
separation of ~ LK nm before the surfaces jumped into contact. When the force 
was measured L hour later, the electric repulsive force had become stronger 
and the attractive jump to contact occurred at a reduced separation of ~ b nm. 
A similar trend was observed at pH M.J (Figure d.LL). The electric repulsion 
increased over time and the separation at which the jump to contact occurred 
decreased slightly. At both pH, the adhesion force decreased over time. The 
surface potential change observed over L hour was -Td.K mV and -JK.K mV at 
pH b.J and pH M.J, respectively. These changes in the surface potential over 
time and the changes in the measured interaction are attributed to instability 
of the palmitic acid film at these higher pH values leading to a decrease in 
hydrophobicity. The contact angle at these pH values was less stable than at 
low pH, thus, it is reasonable to propose that the extra attraction attributed 
to the hydrophobicity of the surfaces decreased between the measurements. 
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At these pH values, PA coated surfaces are negatively charged, thus at larger 
separations, surfaces will experience the electric double layer repulsion. 
However, at small separations, the short-range hydrophobic attraction will 
dominate the interaction force. Over time, as the hydrophobicity of the sur-
faces decreases, this decrease in the magnitude of the hydrophobic force re-
sults in an increase in the magnitude of the repulsive interaction which when 
fitted using DLVO-R theory is manifested as an increased surface potential. 
It is probable that the surface potential has not changed significantly over 
time, but rather the hydrophobic force that is counteracting the electric re-
pulsion has decreased.  
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Figure d.LK: Normalised force (F/R) as a function of separation between PA-hafnia surfaces 
prepared at LTb °C for dK min as a function of immersion time at pH b.J during 
approach (top) and retraction (bottom). The measured data was fitted with 
DLVO-R theory (surface roughness of L.J nm rms, asperity radius of c nm, and 
the Young’s Modulus of bM GPa) using the van der Waals attraction and with 
the following fitting parameters; surface potential (K hr) = -dT.T mV, surface po-
tential (L hr) = -gg.c mV. The Debye length was g.d nm.  
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Figure d.LL: Normalised force (F/R) as a function of separation between PA-hafnia sur-
faces prepared at LTb °C for dK min as a function of immersion time at pH M.J 
during approach (top) and retraction (bottom). The measured data was fitted 
with DLVO-R theory (surface roughness of L.J nm rms, asperity radius of c 
nm, and the Young’s Modulus of bM GPa) using the van der Waals attraction 
and with the following fitting parameters; surface potential (K hr) = -LKT.c 
mV, surface potential (L hr) = -LJT.T mV, surface potential (J hr) = -LcJ.J mV. 
The Debye length was g.d nm. 
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d.T.c.J Forces measured below and at the isoelectric point   
The measured normalized force versus separation measured at different im-
mersion times in K.KKL M NaCl adjusted to pH T.J and pH J.d during ap-
proach and retraction is shown in Figure d.LJ and Figure d.LT, respectively. 
When compared to the calculated van der Waals interaction and accounting 
for roughness, it is clear that the attractive force is greater in magnitude than 
the expected attraction due to the van der Waals force. It is worth noting that 
the attraction also exceeds the (larger) van der Waals force calculated for the 
bare hafnia surfaces without a palmitic acid layer using a Hamaker constant 
of bd zJJKL.  Therefore, I conclude that the attraction cannot be attributed to 
dispersion forces. Measurements were repeated after waiting for L and J 
hours in order to determine if any changes in the monolayer of palmitic acid 
were influencing the hydrophobic force, recalling that the advancing contact 
angle for this surface at these pH’s changed little with time, but the receding 
angle showed a small decrease (see Figure d.c). The observation is that the 
interaction on approach changes little with time at both pH T.J and pH J.d, 
whereas the decrease in adhesion with time was more apparent. I cannot be 
certain of the origin of these changes but suggest that it may be due to the 
gradual solvation of palmitic acid molecules from the surface into solution. 
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Figure d.LJ: The normalized force (F/R) measured as a function of separation be-
tween PA-hafnia surfaces prepared at LTb °C for dK min for different 
immersion times at pH T.J during approach (top) and retraction (bot-
tom) in K.KKL M NaCl solution. The DLVO-R theory curve shown here 
is the pure van der Waals force with zero surface potential and surface 
roughness of L.J nm rms. Note that when roughness is accounted for 
the zero of separation is defined relative to the average positions of the 
surfaces. A hard repulsion occurs at a finite separation due to asperity-
asperity contact between the surfaces.JKL 
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Figure d.LT: The normalized force (F/R) measured as a function of separation be-
tween PA-hafnia surfaces prepared at LTb °C for dK min for different 
immersion times at pH J.d during approach (top) and retraction (bot-
tom) in K.KKL M NaCl solution. The DLVO-R theory curve shown here 
is the pure van der Waals force with zero surface potential and surface 
roughness of L.J nm rms. Note that when roughness is accounted for 
the zero of separation is defined relative to the average positions of the 
surfaces. A hard repulsion occurs at a finite separation due to asperity-
asperity contact between the surfaces.JKL 
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The attractive forces shown in Figure d.LJ and Figure d.LT appear at a 
separation of Jb ~ TK nm and increase exponentially until the surfaces jump 
into contact from a separation of ~ LK nm, where the gradient of the force 
exceeds the spring constant of the cantilever. A typical force curve for phy-
sisorbed surfactant surfaces is rather long-range ( > JK nm) and the origin of 
the long-range attraction between physisorbed surfaces is now generally be-
lieved to be attributed to migration of the amphiphile to form bilayer 
patches.dg-MK, JMg The bilayer patches result in a mosaic of regions of positive 
surface charge and regions of negative surface charge that align during the 
interaction giving rise to an attraction between the surfaces that are overall 
electroneutralJLd, JfK. Langmuir–Blodgett (LB) deposited monolayers of sur-
factants such as dimethyl-dioctadecyl-ammonium (DODA) form patchy bi-
layers when immersed in water.JMg These bilayer patches are believed to 
freely move laterally on the surfaceJMg and indeed this is necessary to give 
rise to an attraction. 
Patches on one surface align with patches of opposite charge on the 
other surface because this lowers the interaction energy. The interaction be-
tween net neutral surfaces with mobile charges can lead to a long-range elec-
tric attractionJLd, JfK therefore this is a possible explanation for the long-range 
hydrophobic attraction measured between this class of surface. The model 
predicts an exponentially decaying attractive force with an upper limit for 
the decay length of one-half the Debye length. However, the force curves 
obtained here at both pH values (Figure d.LJ and Figure d.LT) can be fitted 
with an exponential function with a decay length greater than this (see Fig-
ure d.Lc). The decay length is found to be d.K nm at pH J.d and M.L nm at pH 
T.J.  This compares to the Debye Lengths for these solutions of b.L nm at pH 
J.d and M.b nm at pH T.J. Thus, the patchy charged surfaces model cannot 
explain the forces presented here, as the decay length is substantially larger 
than predicted by this model.  
 
 
 
  
d.T  RESULTS AND DISCUSSION              LcT 
 
 
 
 
 
Figure d.Lc: Exponential fit to the attractive force curves obtained at pH J.d and pH T.J in 
K.KKL M NaCl. The decay length is d.K nm with a pre-factor of K.bJ mN/m at pH 
J.d and M.L nm with a pre-factor of L.T mN/m at pH T.J. This compares to the 
estimated Debye Lengths for these solutions of b.L nm at pH J.d and M.b nm at 
pH T.J. The exact Debye length is not known as the amount of electrolyte re-
quired for the pH adjustment is not known. 
 
 
Lcc              Chapter d.  EFFECT OF A PALMITIC ACID MONOLAYER ON THE SURFACE FORCES BETWEEN HAFNIA SURFACES
  
 
d.T.b Exponentially decaying attractive force  
An explanation worth consideration is that the surfaces differ slightly and 
therefore at pH values around the iep it is possible that one surface is nega-
tively charged and the other is positively charged resulting in an electrostatic 
double layer force between oppositely charged surfaces particularly given 
the exponential nature of the attraction and that the decay length of the at-
tractive force is commensurate with the Debye length. In order to evaluate if 
this is the case, the attractive forces measured at pH T.J (Figure d.LJ) and pH 
J.d (Figure d.LT) were fitted using Equation c.J developed by Parsegian and 
Gingellgc which I described in Chapter c (§ c.J.M.L). The data are fitted using 
the van der Waals attraction with the addition of the electric double layer 
attraction between surfaces of opposite charge, but the same magnitude, tak-
ing into account the roughness effect. This fit is performed using the constant 
potential boundary condition and is shown in Figure d.Lb. The asymmetrical 
surface potentials required to fit the data were +cb.L mV and -cb.L mV at pH 
T.J and +JK.K mV and –JK.K mV at pH J.d. The magnitude of the surface po-
tentials needed to fit the data is large considering that the surfaces were pre-
pared in the same manner and would therefore be expected to be identical 
and close to neutral given the proximity of the pH to the isoelectric point. I 
note here that I chose to use potentials of the same magnitude on each surface 
such that only one parameter is adjusted. I note that there is no reason to 
assume that the magnitude of the surface potentials are actually identical. If 
this constraint is removed then the potential on one surface could be chosen 
over a wide range and the potential on the other surface adjusted to fit the 
data. Regardless the two potentials would need to be significantly different 
to fit the data. Whilst the magnitude of the surface potentials appear to be 
unreasonably different for surfaces that are prepared in the same manner 
and remain as prepared, the fitted Debye lengths of M.L nm and d.K nm com-
pare well with the calculated Debye lengths based on the ionic strength of 
the pH adjusted solutions of M.b nm and b.L nm.  
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Figure d.Lb: The normalized force (F/R) measured as a function of separation at pH T.J and 
pH J.d in K.KKL M of NaCl. The measured data were fitted using the van der 
Waals attraction (see Appendix-A for details of the calculation of the van der 
Waals interaction) with the addition of the electric double layer attraction taking 
into account the roughness effect (L.J nm rms and asperity radius c nm, with 
Young’s modulus of bM GPa). The asymmetric surface potentials and Debye 
lengths fitted for each pH were as follows; pH T.J: Surface potential L = + cb.L 
mV, Surface potential J = - cb.L mV, Debye length = M.L nm. pH J.d: Surface po-
tential L = + JK.K mV, Surface potential J = - JK.K mV, Debye length = d.K nm. 
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d.T.d Bilayer patches of palmitic acid  
It is known that Langmuir-Blodgett (LB) films can change configuration in 
solutionJMg and our palmitic acid films formed by vapour deposition are anal-
ogous to LB films. Monolayer films can roll up to form bilayered structures 
that lower the interfacial energy of the film with the solvent. This process 
may also be triggered by the proximity of another surface due to repulsive 
electric interactions.  
If we consider the possibility that in solution or during approach, the 
palmitic acid forms bilayered regions on the surfaces, this will leave areas in 
which the bare hafnia surface is exposed. The hafnia surface will be substan-
tially more positively charged than the regions bearing palmitic acid, as evi-
denced by the zeta potential data (see Figure d.M). Further, the regions with 
a bilayer of palmitic acid will have surface potentials more negative than re-
gions coated with a monolayer and therefore more negative than indicated 
by the zeta potential. The lower energy state will be for the bi-layered regions 
of palmitic acid on one surface to align with the bare hafnia regions of the 
other surface, thus if the palmitic acid molecules are mobile this arrangement 
will preferentially arise resulting in an attraction between the positively 
charged hafnia region of one surface with the negatively charged palmitic 
acid coated region on the other surface – for multiple patches this is the con-
dition which is considered by the patchy charge modelJLd, JfK.  
However due to the curvature of the colloid probe in Atomic Force Mi-
croscope measurements, the area of interaction between the surfaces is very 
much smaller than that between measurements using macroscopically 
curved surfaces such as the surface forces apparatus. The Langbein approx-
imationJgL can be used to determine the effective area of interaction between 
the spherical colloid probe and the flat substrate typically used in the colloid 
probe AFM force measurements. This requires knowledge of the radius of 
the sphere and the range of the interaction. The effective area of interaction 
depends on the range of the force, a (Figure d.Ld). The area of interaction of 
a colloid probe with radius R then is 𝜋𝑦'. By the Pythagoras theorem,  
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𝑅' = 𝑦' + (𝑅 − 𝑎)'                                       (d.L) 
 
And thus,  𝑦' = '𝑅𝑎 − (𝑎)'                                         (d.J)  
 
The area of interaction then depends on the radius R and the range of the 
force a, 𝜋𝑦' = 𝜋 '𝑅𝑎 − 𝑎 ' = 𝜋𝑎('𝑅 − 𝑎)                         (d.T) 
 
For a colloid probe with radius R = LK 𝜇𝑚, and and interaction force that 
extends to a distance of a = TK nm, the area of interaction is L.g×U`1	nm', or 
a circle with radius MMf nm. Therefore, if the bilayer patches are separated by 
more than this distance, it is likely that a single patch on one surface will 
interact with a single patch on the other surface. 
This is commensurate with the scale of the bilayer patches observed in 
previous workJMg, JgJ. In this case, the total interaction can be between a single 
patch of hafnia surface and a single patch of PA-hafnia surface that form and 
 
Figure d.Ld: A schematic of the effective interaction area of a colloid probe with radius 
R when it interacts over a distance, a, with a flat surface  
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align on approach of the surfaces. Such an interaction would be better de-
scribed by DLVO theory than the patchy charge model, where the electric 
component of the interaction is due to asymmetrically charged surfaces and 
the decay length of the electric attraction would therefore correspond to the 
Debye length of the solution as observed here rather than half the Debye 
length of the solution as expected for the interaction of patchy chargesJfK. 
Therefore due to the observed decay of the interaction I conclude that in 
these measurements the long-range attraction that I observe is due to the 
mobility of the palmitic acid at the interface and the interaction of a bilayered 
patch of palmitic acid on one surface with a bare region of hafnia surface.  
In chapter c (§c.J.M.L), I reported that the attractive forces measured be-
tween two hafnia surfaces without any surface modification at around the 
iep also exhibited electrolyte concentration dependency implying its electric 
nature. I am aware that others have also seen similar exponential attractive 
forces at the iep (via personal communication with Masashi Mizukami from 
the Institute of Multidisciplinary Research for Advanced Materials and WPI-
Advanced Institute for Materials Research, Tohoku University, Japan). It is 
possible that this type of electric attraction is due to the same mechanism 
described above. If a tiny amount of amphiphilic contaminant is present this 
may result in an exponentially decaying attraction between two asymmetri-
cally charged surfaces with a decay length comparable to the Debye length 
of the system.   
d.T.d.L Image of bilayer patches of palmitic acid 
In order to determine if patches form spontaneously when the PA-hafnia sur-
face is immersed in aqueous solution, a PA-hafnia surface was imaged using 
an AFM both in air and solution (Figure d.LM). The same surface was imaged 
in air again after being dried under a stream of pure nitrogen gas (Figure 
d.Lf). Images were obtained using a Bruker Multimode VIII AFM in 
ScanAsyst mode with ScanAsyst Air and ScanAsyst fluid cantilevers as ap-
propriate. Images in solution were obtained using a closed fluid cell. These 
images show that there are no large scale patches of bilayers, but in water 
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there is a suggestion that small scale bilayer patches are present which are 
no longer present when the surface is dried. Note that in one location we 
found an isolated region of bilayered patches demonstrating that we can im-
age such patches (Figure d.Lg). During injection of water onto the surface 
bubbles are initially trapped on the surface. It is possible that the bilayered 
structures observed in Figure d.Lg may be formed during this process. Else-
where the surfaces are very uniform and there was no evidence of such bi-
layers. I note that the force measurements were found to be reproducible 
from one location to the next supporting the observation that the surfaces are 
initially homogenous. This suggests that these patches form and align dy-
namically during the approach of the surfaces, this is consistent with the sud-
den onset of the attraction observed at the higher pH values following a re-
gion of electric repulsive forces (Figure d.LK and Figure d.LL). This also ex-
plains that the soft repulsion observed after the sudden attraction seen in 
Figure d.LK and Figure d.LL is attributed to squeezing of the bilayers. Thus 
this interaction may be viewed as a special case of the patchy charge model 
of surface interaction where the curvature of the surfaces is such that the in-
teraction involves only one patch on each surface and because of this the inter-
action is longer ranged than the case of larger lower curvature surfaces 
where many patches are interactingJfK. 
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Figure d.LM: AFM height image of the PA-hafnia surface in air (top) and the same surface 
in water (bottom). rms roughness over a LK µm x LK µm scan is K.bg nm in air 
and K.cg nm in water.  Note the image obtained in water is blurred in places as 
the O-ring acts to couple the motion of the surface to the cantilever, reducing 
the quality of the image. 
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Figure d.Lf: AFM height image of the same PA-hafnia surface as in Figure d.LM after being 
dried under a stream of pure nitrogen gas and imaged in air. rms roughness is 
K.dJ nm over a LK µm x LK µm scan.   
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Figure d.Lg: AFM height image of the same PA-hafnia surface as above imaged in water 
with a section across a feature as shown by the white line in the image. L µm x 
L µm scan.  Note the image is blurred in places as the O-ring acts to couple the 
motion of the surface to the cantilever, reducing the quality of the image. The 
height of the section (~ J nm above the background) suggests that the lighter 
features are patches of palmitic acid bilayer adjacent to patches of bare surface. 
Note this was only observed at this location and all other locations investigated 
did not show such features. 
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Whilst this work may explain the anomalous attraction measured be-
tween a range of surfaces rendered hydrophobic by physisorption of am-
phiphiles, we do not propose that this explains the long-range hydrophobic 
attraction under all circumstances, such as that between chemically bound 
monolayersJgT, filmsJgc, or solid hydrophobic surfacesTJ, JfL. We note that in 
these studies electrolyte has little influence on the magnitude and range of 
the attraction. Rather in all investigations the precise nature of the surface 
must be considered. Thus, the nature, mechanism and the range of the true 
hydrophobic interaction remains unexplainedJMJ. Regardless, the electric at-
traction due to patches formed by the reorganization of amphiphiles will be 
important in the many cases involving surfaces rendered hydrophobic by 
the physisorption of surfactants that arise industrially and are also likely rel-
evant in biology.  In these cases, we can expect that surfaces of high radius 
of curvature allow a single patch on one surface to interact with a single 
patch on the other surface, giving rise to an exponential electric attraction 
with a decay length similar to the Debye length.   
d .c  SUM M ARY 
 
I have demonstrated that a monolayer with hydrophobic properties useful 
for surface investigations can readily be formed by exposing metal oxide sur-
faces to palmitic acid in the vapour phase. The surfaces produced were char-
acterised by contact angle measurements, ellipsometry and atomic force mi-
croscopy. The surfaces remained hydrophobic in electrolyte solution for sev-
eral hours.  Surface forces measured between these hydrophobic surfaces ex-
hibited a non-DLVO exponential attraction with a decay length commensu-
rate with the Debye length that was far greater in magnitude than the van 
der Waals attraction. Neither the patchy bilayer model, nor surface nanobub-
bles, could explain the measured forces.   
However, given the mobility of the palmitic acid molecules on the sur-
face, the interaction is well described by the interaction of a single patch of 
bilayered palmitic acid molecules interacting with an exposed patch of the 
hafnia surface. Here the attraction between the oppositely charged surfaces 
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is electric in nature. These patches are not present on the non-interacting sur-
faces and therefore must arise during approach. Such an interaction is con-
sistent with the observed exponential nature of the attraction and the equiv-
alence of the decay length with the Debye length of the solution. As the decay 
length for the interaction of a single patch is twice the decay length for the 
interaction of a mosaic of patches, the decay length of the interaction be-
tween such surfaces will depend on the curvature of the surfaces.  
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M.L  CONCLUSIONS  
 
ere I provide a summary of the important results, conclusions 
and implications of the work outlined in this thesis. I have used 
hafnia surfaces with or without surface modification throughout 
the thesis as a tool to understand the fundamentals of the surface forces be-
tween a range of surfaces. Smooth hafnia surfaces were produced using 
atomic layer deposition (ALD), their surface properties were characterized 
using various techniques, and the surfaces forces between them were meas-
ured using the atomic force microscope (AFM). The important and useful 
implication of the conclusions made in this thesis is that most of what I have 
learnt from the investigation into the hafnia surfaces is applicable to a great 
many other metal oxide surfaces.    
The very first motivation to investigate the surface forces between 
smooth ALD hafnia surfaces sprang from the anomalous forces measured 
between smooth ALD titania surfacescg, bT. It was a puzzling observation that 
at pH far from the iep, evidence for the the van der Waals attraction was not 
evident in the interaction measured between the titania surfaces. The meas-
H 
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ured force remained repulsive at small separations and this could not be ex-
plained by the DLVO theory, because the theory predicts a large and 
measureable van der Waals attraction due to the high dielectric constant of 
titania. In order to ascertain whether this unexplained phenomenon is pecu-
liar to titania or occurs rather generally, I investigated other mineral oxide 
surfaces. For this goal, I have chosen hafnia, which also has a high dielectric 
constant.  
In Chapter c, the interaction forces between smooth ALD hafnia sur-
faces were measured at a range of pH and salt concentrations. The forces 
measured between hafnia surfaces at pH values remote from the iep also 
lacked the short range attraction expected from the van der Waals attraction 
in DLVO theory. However, I demonstrated that the force curves were well 
described by the DLVO-R theoryJKT where the effect of the surface roughness 
is taken into account. An important implication of this work is that surface 
roughness fundamentally changes the nature of the interaction at pH values 
remote from the iep. The effect of roughness is to reduce or remove the pri-
mary minimum in the interaction forces between particles as the influence of 
roughness suppresses the influence of the dispersion forces at pH values re-
mote from the iep, due to repulsive forces arising from asperity contact. I 
showed that the disagreement between experimental measures of surface 
forces and the DLVO theory seen between a range of surfaces are due to 
roughness even for very smooth surfaces. This is a general result and demon-
strates that even very minor levels of roughness gives rise to interactions that 
are different in form to what is expected from DLVO theory. This is an im-
portant result as it means that predictions based on the DLVO theory, will be 
quantitatively and qualitatively incorrect. 
Whilst the primary minima is absent at pH values remote from the iep, 
interaction energy analysis based on the measured forces between hafnia 
surfaces revealed that strong secondary minima are present. The absence of 
the primary minima due to the non-zero surface roughness and the presence 
of the significant secondary minima, indicates that two different types of 
flocculation can be expected. Adjusting the pH to the iep will result in floc-
culation in a primary minima, causing particles to strongly adhere when they 
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collide, which would infer open flocs that are difficult to dewater and not 
easily resuspended. In contrast, at pH values remote from the iep, a sufficient 
increase in the ionic strength will result in flocculation in a secondary min-
ima, allowing particles to move relative to each other and thereby form 
denser flocs that are more easily dewatered and readily resuspended.  
In Chapter b, I reported the influence of the adsorption of citric acid to 
the ALD hafnia surfaces on the interaction forces. Citrate can be used as a 
simple model for humic and fulvic acids which are important natural chelat-
ing agents that influence the stability and dissolution of colloids and nano-
particles in the environment. Citrate adsorption changed the surface poten-
tial of hafnia and this gave rise to a significant electric repulsion between the 
surfaces at all pH values of T and above, which prevents aggregation. I 
demonstrated that citric acid is a very effective stabilizer for metal oxide par-
ticles as the surface forces were always repulsive and no primary adhesion 
was observed, even at low citric acid concentrations.  
Interaction energy analysis based on the measured forces between haf-
nia surfaces in the presence of citric acid, revealed that strong secondary 
minima are present. The results showed that nanoparticles with citrate ad-
sorbed are stable at high ionic strengths where colloidal particles are unsta-
ble. The extreme stability of nanoparticles across a wide range of pH and 
ionic strengths in the presence of citric acid has been revealed. As citric acid 
(or humic and fulvic acids) are often present at significant concentrations in 
the environment, the stability of nanoparticles in the presence of citrate ions 
implies an easy transport of nanoparticles in vivo, in soils and in the aquatic 
environment. This conclusion in turn has important implications for the dis-
tribution of engineered nanoparticles in the environment and concerns over 
the impact of nanoparticles on human health.  The general features observed 
for the hafnia-citrate system are expected to be followed by a wide range of 
mineral oxide surfaces with isoelectric points at near-neutral pH such as ti-
tania, zirconia, magnetite, and haematite. 
In Chapter d, I introduced a new approach for easily forming a hydro-
phobic monolayer on flat and spherical surfaces by exposing hafnia surfaces 
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and other metal oxides to palmitic acid in the vapour phase. The contact an-
gle measurements revealed that the surfaces remained hydrophobic in elec-
trolyte solution for several hours. A non-DLVO exponential attraction of 
magnitude far greater than the van der Waals attraction was observed in the 
surface forces measured between these hydrophobic surfaces. The decay 
length was commensurate with the Debye length and thus the attraction 
could not be explained by the patchy charge modelJLd, JfK which predicts a 
decay length of one-half the Debye length. However, given the mobility of 
the palmitic acid molecules on the surface, the interaction was well described 
by the interaction of a single patch of bilayered palmitic acid molecules in-
teracting with a single exposed patch of the hafnia surface. This interaction 
may be viewed as a special case of the patchy charge model of surface inter-
action where the curvature of the surfaces is such that the interaction in-
volves only one patch on each surface. It is important to note that the decay 
length for the interaction of a single patch is twice the decay length for the 
interaction of a mosaic of patches. This implies that the decay length of the 
interaction between such surfaces will depend on the curvature of the sur-
faces, as this determines the area of interaction between the surfaces. In other 
words, the very nature of this interaction changes with particle size. The elec-
tric attraction due to patches formed by the reorganization of amphiphiles 
will be important in the many cases involving surfaces rendered hydropho-
bic by the physisorption of surfactants that arise industrially and are also 
likely relevant in biology. 
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Conclusions and implications drawn in each chapter in this thesis lead us to 
some intriguing future work. Further investigation of the roughness effect 
on the flocculation of colloidal particles and nanoparticles is warranted. My 
work has shown that the surface roughness removes or reduces the primary 
minima while maintaining the secondary minima for colloidal particles at 
high electrolyte concentration. Measurements of sedimentation, resuspen-
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sion and the yield stress of colloidal systems consisting of particles with dif-
ferent levels of roughness will reveal if this can be practically applied to con-
trol the particle interactions and the nature of flocculation. Flocculation into 
a primary minima or into a secondary minima can be controlled by varying 
the surface roughness of the colloidal particles, the pH or the ionic strength 
of the solution.  
The extreme stability of nanoparticles at a wide range of pH and even 
at high electrolyte concentrations in the presence of citric acid, predicted 
from the surface forces should also be tested.  Similar experiments using ful-
vic and humic acids will be useful in understanding the interactions between 
particles in a range of natural environments.  
The technique of atomic layer deposition (ALD) has been a remarkably 
useful tool to produce smooth surfaces suitable for surface forces studies in 
this thesis. This technique has great potential to be employed in other surface 
force measurement techniques such as the surface force apparatus (SFA) and 
in a range of other surface studies. Surfaces that have not been previously 
investigated can now be readily produced using ALD. For example, intrinsi-
cally hydrophobic ALD surfaces such as copper sulfide with minimal rough-
ness will be useful for investigating the hydrophobic forces.  
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In this Appendix, I include the calculations of the DLVO-R model using a Gaussian 
roughness distribution and of the van der Waals interactions in multilayered systems 
performed by Dr. Drew Parsons of School of Engineering and IT, Murdoch Univer-
sity, Western Australia, Australia. Note that this section uses L as the separation 
between two surfaces rather than x as in most of this thesis. The text is from the Ref. 
PQN and the submitted journal articles in the publications list (Shinohara et al. PQNd, 
and Eom et al. PQNd) and is written by Dr. Drew Parsons.  
 
A.&     DLVO-R m odel  with  a  Gaussian  roughness  dis t r ibut ion   
 
The DLVO theory with roughness (DLVO-R) JKT that I have employed in this 
thesis consists of two chief elements. Firstly, using the probability distribu-
tion of surface heights, the noncontact (DLVO type) surface force is averaged 
over all the surface elements between all the statistically possible surface sep-
arations. Roughness can be included in the model in two different ways, ei-
ther by incorporation of a histogram of the heights of the surface features or 
by assuming a Gaussian roughness distribution with the magnitude de-
scribed by the rms roughness. We have employed the latter in this thesis. The 
roughened noncontact interaction energy Gnc(L) at surface separation L, used 
to calculate surface forces, is derived from the interaction Gsmooth between 
smooth surfaces by averaging over the roughness distribution, 
 𝐺= 𝐿 = 𝑑ℎ 5Öå' 'æG'çG 'V 𝐺6877èá 𝐿 + ℎ           (A.L) 
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where σm is the mean rms roughness 𝜎8 = 𝜎U' + 𝜎''averaged over the rms 
roughnesses σL and σJ of each surface. We take both surfaces to have identical 
rms roughness σ, so σm=σ√J. We apply the full roughness average of Equa-
tion A.L to the conventional smooth noncontact (DLVO) interaction. But if 
the smooth interaction is exponentially decaying with decay length λ (e.g. 
Debye length), then the roughened noncontact force may be approximately 
represented by 
 𝐺= 𝐿 ≈ 𝐺6877èá 𝐿 ×𝑒çG' 'È'                (A.J) 
 
 The second element of the roughness model arises from the fact that the 
surface asperities start to compress each other before the separation between 
the average heights of the surfaces becomes zero. The asperity contact force 
is also averaged over all the possible surface heights considering a hemi-
spherical asperity with low aspect ratio (height/base diameter). The contact 
interaction energy is determined by the reduced radius L/Rr = L/RL+ L/RJ of 
asperity tips and the reduced Young’s modulus of the two surfaces, L/Er = 
L/EL+ L/EJ (taking Poisson ratios of the materials to be L). When the surface 
height distribution is taken to be Gaussian with mean rms σm then the contact 
force (normalised to the radius r of the colloidal probe) may be approximated 
by 
 𝑓7=è%è 𝐿 𝑟 ≈ Åé' 'Í çGw¸é 5ÖL' 'æG'<' <            (A.T) 
 
This expression is an approximation. We use the exact analytical expres-
sion which involves Bessel functions. The total force sums both components, 
the roughened noncontact force derived from Equation A.L and the contact 
force of Equation A.T.  In practice the compliance is matched to the asperity 
contact force and in this manner the separation of the surfaces at contact is 
set relative to the average position of the interface.  
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A.'       M ult i layered  van  der  W aals  interac t ions  
 
It is convenient to model the forces measured by AFM (sphere-plane geom-
etry) using the proximity force approximation (Derjaguin approximation) 
based on the interaction free energy FvdW(L) between two planes. The van der 
Waals interaction energy between two such planar multilayer surfaces may 
be described via a distance-dependent Hamaker coefficient A(L), 
 𝐹?>@ 𝐿 = QS <U'V<'                                    (A.c) 
 
The Hamaker coefficient is evaluated in the usual way via a dielectric 
function εs(iω) for each surfacecg, fT 
 𝐴 𝐿 = 'foZ 𝑑𝑥 𝑥 𝑙𝑛 U − 𝛥8< 𝑖𝜔= 𝛥8¸ 𝑖𝜔= 𝑒QO + 𝑙𝑛 U −𝛥8< 𝑖𝜔= 𝛥8¸ 𝑖𝜔= 𝑒QO                         (A.b) 
 
where  ωn are the Matsubara frequencies 𝜔= = 'πkTn ℏ. The prime next to 
the summation symbol indicates that n=K is taken with a factor ½.𝑟= ='Lω= 𝜀8 iω= 𝛥 and 𝛥are dielectric and diamagnetic reflection coefficients:  
 𝛥jk iω = 6jijQ6jim6jij+sjim                               (A.d) 
 
and  𝛥jk iω = 6jÎjQ6jÎm6jÎj+sjÎm                              (A.M) 
 
We take the materials to be nonmagnetic such that µi=L for each layer. si 
is a retardation coefficient, 𝑠e iω = 𝑝' − U+εe iω 𝜀8 iω  where p= xc 'ωL 𝜀8 iω . The dielectric functions εi in Equation A.d may be 
thought of as an effective dielectric function describing the combined re-
sponse of all layers.  But more precisely it refers to the dielectric function of 
each layer in turn, in which case the reflection coefficients in Equation A.b 
are determined recursively from neighbouring layers, 
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𝛥mL = ØG,UHØU,L5ÖxsUôU pLUHØG,UØU,L5ÖxsUôU pL                           (A.f) 
and 𝛥jL = Øj,jõUHØjõU,L5ÖxsjõUôjõU pLUHØj,jõUØjõU,L5ÖxsjõUôjõU pL                      (A.g) 
 
Because of the appearance of separation distance L in these recursive 
reflection coefficients, the Hamaker coefficient becomes distance-dependent 
even in the nonretard limit c→∞. 
 
A.P.N    Justification for use of the nonretarded Hamaker constant (Chapter f) 
The van der Waals interaction of the hafnia system was modelled using a 
standard Hamaker-style description, for which the interaction free energy 
per unit area between two flat surfaces is 
 𝐺X%8 𝐿 = − SU'V<'                               (A.LK)  
 
Here A is the nonretarded Hamaker constant, which for hafnia-water-hafnia 
is bd zJ. 
More generally A is not a constant, but rather a distance-dependent co-
efficient A(L). Distance dependence arises because of the finite speed of light 
(retardation), which causes A(L) to fall in value.  But it also  arises in multi-
layered systems, even under nonretarded conditionsfT.  At small separations 
the Hamaker coefficient follows that of the outermost layer (hafnia).  At 
larger distances the influence of the underlaying substrate is felt.cg	
In Figure A.L we show the distance-dependent Hamaker coefficient, 
comparing the retarded Hamaker coefficient of pure hafnia against the re-
tarded and nonretarded Hamaker coefficients for our layered system (LJ.M 
nm hafnia on silicon substrate, with intervening layers of silica (J nm) and 
titania (Tf nm). The retarded Hamaker coefficient of pure hafnia falls rela-
tively quickly, attenuating to almost half its nonretarded value within a sep-
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aration of LKK nm.  By contrast the retarded Hamaker coefficient of the mul-
tilayered system attenuates much more slowly, losing only Lb% of its nonre-
tarded value at a separation of LKK nm.  At the separations measured in this 
work (b-bK nm), the retarded multilayer Hamaker coefficient falls from bd to 
bJ zJ, losing only M% of its magnitude. For this reason it is reasonable to use 
the nonretarded Hamaker constant in this system to describe the van der 
Waals interaction.  
The reason for the diminished retardation effect in the multilayer sys-
tem can be understood from the nonretarded Hamaker coefficient, which ac-
tually increases with separation. At larger separations, the van der Waals in-
teraction of the underlying substrate, silicon, starts to dominate.  The nonre-
tarded Hamaker coefficient rises from the value of bd zJ for hafnia towards 
the value of gb zJ for silicon. 
It follows that the Hamaker coefficient may remain closer to the value 
of the nonretarded constant (i.e. decay more slowly) if the thickness of the 
hafnia layer (and titania) is made thinner. 
 
 
 
Figure A.L. Distance-dependence Hamaker coefficient of hafnia surfaces interacting across 
water., We compare the retarded Hamkaer coefficient of pure hafnia (solid 
black) against the retarded (dotted red) and nonretarded (dashed green) 
Hamaker coefficients of the multilayer system (LJ.M nm hafnia, Tf nm titania, J 
nm silica on silicon substrate).	
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A.P.P    Citric acid/hafnia system  
The van der Waals interaction for the citric acid/hafnia system in Chapter b 
was calculated using a "thin-Rayleigh" multilayer model. We assumed K.Jb 
mg/mJ of citric acid and the same volume density of citric acid as "thin-CM". 
Here the composite dielectric of the citric layer is estimated from the Ray-
leigh mixing formula using the volume fraction p of citric acid, 
 iöFG÷QiJiöFG÷H'iJ = 𝑝 iEQiJiEH'iJ                     (A.LL) 
 
where εcomp = composite dielectric function, εb = dielectric function of the 
background (water), 𝜀6 = dielectric function of the solute (citric acid without 
water).  The latter was estimated by the Clausius-Mossotti formula, 
 iEQUiEH' = wVZ 𝜌𝛼                   (A.LJ) 
 using the density of citric acid ρ= K.bdM g/cmT within the citric adsorp-
tion layer (from citric surface excess of K.Jb mg/mJ within a layer K.cb nm 
deep). The polarisability α was represented using the electronic polarisabil-
ity of diprotonated citrate HJX-.   We estimated the volume fraction p=K.TT in 
the Rayleigh formula by taking the ratio of the volume density in the layer 
relative to the volume density L.dM g/cmT of solid citric acid. 
A.P.O   Palmitic acid/hafnia system  
The distance-dependant Hamaker coefficient (retarded and nonretarded) for 
the palmitic acid coated hafnia surface is shown in Figure A.J (the dielectric 
function of palmitic acid is presented using that of hexadecane). I used the 
retarded Hamaker coefficient in Chapter d. Nonretarded Hamaker constants 
for each layer (pure solid – water – pure solid) are also shown for comparison.   
At short range below LK nm the Hamaker coefficient is small, due to the outer 
palmitic acid layer.  It rises to the value of hafnia at mid-range LK-LKK nm. At 
large separations greater than JKK nm the Hamaker coefficient is controlled 
by the underlying silicon substrate, and is attenuated by retardation such 
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that the value of the retarded Hamaker coefficient never exceeds that of pure 
hafnia. 
 
 
 
 
Figure A.J: Distance-dependent Hamaker coefficient for the multilayered palmitic acid coated 
hafnia surface. Both retarded and nonretarded Hamaker coefficients are shown, as 
well as the nonretarded Hamakers constants (solid-water-solid) of each layer. 
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APPENDIX – B   
 
 
B.&      DLVO f i t t ing ,  inc luding  the  inf luence  of  surface  roughness  
 
In this appendix, enlarged figures of Figures c.g and c.LK from Chapter c are 
presented (See § c.J.b). The DLVO theory extended to include hydration and 
roughness fitted against experimental force data between two hafnia sur-
faces in K.KL M and in K.KKL M NaCl at a range of pH.  Three roughness values 
of K.bc nm and K.cM nm(AFM), K.MJ nm (XRR), and L.J nm (Best fit) for the 
flat surface were used. All the data were fitted with a hydration force with 
amplitude of JK N/m and decay length of K.T nm, Young’s Modulus of bM 
GPa, and asperity tip curvature R = c nm.  
See Table c-L in chapter c for fitting parameters used in this force curve 
fitting using DLVO-R.  
LMK            APPENDIX  
 
K.
KL
 M
  
pH
 J
.f
 
L.
JK
 n
m
 (B
es
t f
it)
 
 
K.
MJ
 n
m
 (X
R
R
) 
 
K.
bc
 n
m
  a
nd
 K
.c
M 
nm
  (
A
FM
 ) 
 
B.L     DLVO fitting, including the influence of surface roughness              LML 
 
K.
KL
 M
  
pH
 c
.f
 
L.
JK
 n
m
 (B
es
t f
it)
 
 
K.
MJ
 n
m
 (X
R
R
) 
 
K.
bc
 n
m
  a
nd
 K
.c
M 
nm
  (
A
FM
 ) 
 
LMJ            APPENDIX  
 
K.
KL
 M
  
pH
 b
.T
 
L.
JK
 n
m
 (B
es
t f
it)
 
 
K.
MJ
 n
m
 (X
R
R
) 
 
K.
bc
 n
m
  a
nd
 K
.c
M 
nm
  (
A
FM
 ) 
 
B.L     DLVO fitting, including the influence of surface roughness              LMT 
 
K.
KL
 M
  
pH
 M
.L
 
L.
JK
 n
m
 (B
es
t f
it)
 
 
K.
MJ
 n
m
 (X
R
R
) 
 
K.
bc
 n
m
  a
nd
 K
.c
M 
nm
  (
A
FM
 ) 
 
LMc            APPENDIX  
 
K.
KL
 M
  
pH
 g
.T
 
L.
JK
 n
m
 (B
es
t f
it)
 
 
K.
MJ
 n
m
 (X
R
R
) 
 
K.
bc
 n
m
  a
nd
 K
.c
M 
nm
  (
A
FM
 ) 
 
B.L     DLVO fitting, including the influence of surface roughness              LMb 
 
K.
KK
L 
M
  
pH
 J
.d
 
L.
JK
 n
m
 (B
es
t f
it)
 
 
K.
MJ
 n
m
 (X
R
R
) 
 
K.
bc
 n
m
  a
nd
 K
.c
M 
nm
  (
A
FM
 ) 
 
LMd            APPENDIX  
 
K.
KK
L 
M
  
pH
 c
.f
 
L.
JK
 n
m
 (B
es
t f
it)
 
 
K.
MJ
 n
m
 (X
R
R
) 
 
K.
bc
 n
m
  a
nd
 K
.c
M 
nm
  (
A
FM
 ) 
 
B.L     DLVO fitting, including the influence of surface roughness              LMM 
 
K.
KK
L 
M
  
pH
 b
.K
 
L.
JK
 n
m
 (B
es
t f
it)
 
 
K.
MJ
 n
m
 (X
R
R
) 
 
K.
bc
 n
m
  a
nd
 K
.c
M 
nm
  (
A
FM
 ) 
 
LMf            APPENDIX  
 
K.
KK
L 
M
  
pH
 M
.J
 
L.
JK
 n
m
 (B
es
t f
it)
 
 
K.
MJ
 n
m
 (X
R
R
) 
 
K.
bc
 n
m
  a
nd
 K
.c
M 
nm
  (
A
FM
 ) 
 
B.L     DLVO fitting, including the influence of surface roughness              LMg 
 
K.
KK
L 
M
  
pH
 g
.M
 
L.
JK
 n
m
 (B
es
t f
it)
 
 
K.
MJ
 n
m
 (X
R
R
) 
 
K.
bc
 n
m
  a
nd
 K
.c
M 
nm
  (
A
FM
 ) 
 
LfK            APPENDIX  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
APPENDIX – C   
 
In this appendix, I give a short description of an additional investigation done in 
conjunction with the work presented in Chapter g.   
C.&      Deposi t ion  of  disodium sebacate  monolayer  on  PA -hafnia  
 
After successfully producing a monolayer of palmitic acid on hafnia surfaces, 
I tried to deposit a monolayer of disodium sebacate (CLKHLdNaJOc) on the hy-
drophobic PA-hafnia surface via self assembly to investigate its effect on the 
contact angle and the surface forces.  A droplet of disodium sebacate solution 
was placed on the PA-hafnia surface and was gradually heated in an oven at 
fK °C for Jb min. The surface was taken out and was washed with copious 
amount of purified water. The area where the diacid droplet was placed be-
came very hydrophilic, being completely wetted by water, whilst the remain-
ing area of the PA-hafnia surface remained hydrophobic. However, it was 
observed that the hydrophilicity of the area decreased after a quick washing 
with distilled ethanol. The thickness of the diacid layer was too thin to be 
measured using the Ellipsometry. It was apparent that a monolayer was de-
posited on the PA-hafnia surface as the wetting property changed substan-
tially.  
The contact angle of pH adjusted K.KKL M NaCl on the diacid treated 
region was measured. The measured contact angles did not show distinct 
dependency on the pH of the solution. The surface forces measured between 
diacid treated surfaces showed a similar trend to the forces measured be-
tween the hafnia surfaces without any surface modification, except that there 
were adhesion forces observed at pH b when the diacid layer was present. 
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Further experiments showed that the zeta potential and the surface force 
measurements were not reproducible, probably due to contamination. Be-
cause of the lack of reproducibility these measurements were not pursued or 
analysed further.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
APPENDIX – D   
 
In this appendix, I give the DLVO fit against the surface force measured between 
ALD hafnia surfaces in NaCl electrolyte solution taking account of hydration force 
(See § c.J.c). Unlike Figure f.h where hydration prefactor of PQ N/m was used, here 
hydration prefactor was increased until reasonable fits were achieved.  
D.&      DLVO f i t t ing  including Hydrat ion  force   
 
The surface forces measured at high pH were fitted using DLVO including 
hydration force. The results below show that the hydration prefactor had to 
be increased to approximately LKKK N/m in order to achieve reasonable fits. 
Therefore we rule out the possibility that hydration force is responsible for 
the anormalous repulsion measured between ALD hafnia surfaces at short 
separations.  
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NaCl concentration K.KL M 
pH M.L 
 
 
 
 
 
Hydration prefactor: LKKK N/m 
Surface potential: -Tc.K mV 
Debye length: T.M nm 
NaCl concentration K.KL M 
pH g.T 
 
 
 
 
 
Hydration prefactor: LKKK N/m 
Surface potential: -Td.T mV 
Debye length: T.f nm 
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Hydration prefactor: LKKK N/m 
Surface potential: -TL.K mV 
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NaCl concentration K.KKL M 
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Hydration prefactor: LKKK N/m 
Surface potential: -Tf.d mV 
Debye length: f.b nm 
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